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Section 1 

INTRODUCTION 

PURPOSEANDCONTENTOFREPORT 

This report is concerned with communication and tracking coverage objec- 
tives during the reentry and late portions of the trans-Earth trajectory (henceforth 
called "pre-reentry") phases of Apollo lunar landing missions. Specifically, the 
purposes of this report are: 

1. To provide a technical basis for evaluating and comparing the potential 
utility of various land locations and of various numbers and locations of 
ships as communication and tracking stations during the reentry and pre- 
reentry phases 

2. To provide a similar technical basis for evaluating and comparing several 
Earth landing sites for the Apollo Command Module on the basis of com- 
munication and tracking coverage. 

3. To indicate in general terms the instrumentation requirements for sta- 
tions intended t o  provide communication and tracking coverage during the 
reentry and pre-reentry phases. 

The results of this study should be accepted in the light of certain objectives 
and assumptions that form the basis for the analysis. In order  to  set a background 
for understanding the summary and conclusions in Section 2, therefore, statements 
of the objectives for communication and tracking coverage adopted in this study, 
as well as the basic assumptions used in the analysis, are included as part  of this 
introductory section. 

Comprehensive sets of trajectories and their associated ground tracks have 
been generated fo r  each of eight landing sites studied. These trajectories cover 
fairly uniformly the range of geometrical relationships allowed by the assumptions 
listed in the section entitled, Basis Assumptions Used In Coverage Analysis. Thus, 
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meaningful comparisons may be made among the landing sites with regard to  mis- 
sion flexibility and coverage capabilities. 

Sections 3 and 4 discuss objectives, ground tracks,  station coverage capabil- 
ities, and instrumentation requirements during the pre-reentry and reentry phases, 
respectively. The mechanics of generating the trajectories and ground tracks used 
in the station coverage analyses are discussed in Appendices A and B. Appendix C 
is a listing of certain abbreviations and other terminology used frequently in the 
report; it is suggested that the reader refer t o  this appendix before proceeding 
further. 

OBJECTIVES FOR COMMUNICATION AND TRACKING COVERAGE 

The basic objectives of communication and tracking (C&T) stations during the 
mission phases of interest in this report are considered to  be the following: 

During Pre-reentry 

1. 

2. 

To provide a period of tracking and communication with the spacecraft 
during and after the last mid-course correction but before the separation 
of the Command and Service Modules. Current estimates of the time 
when the last mid-course correction will occur range from one to  three 
hours before reentry. 

To provide a period of tracking and communication with the Command 
Module during and after the jettisoning of the Service Module but before 
reentry. Current estimates of the time when jettisoning will occur range 
from 10 t o  30 minutes before reentry. This report  is not concerned with 
tracking of the Service Module after jettisoning. 

The combination of objectives 1 and 2 is aimed at obtaining an accurate pre- 
diction of the trajectory in the vicinity of the reentry point, assessing the condition 
of the spacecraft and occupants during and following the events noted, and providing 
ground-derived data that may be useful in guiding the Command Module during re- 
entry. 

During Reentry 

1. To collect sufficient information about the trajectory of the Command 
Module to make an estimate of the landing point which will permit expedi- 
tious recovery 

2. To provide communications with the Command Module 

The degree to  which these reentry objectives are met, as well as those apply- 
ing to  the pre-reentry interval, ultimately involves a balance with limitations im- 
posed by natural phenomena and economics. 
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BASIC ASSUMPTIONS USED IN COVERAGE ANALYSIS 

There are a number of assumptions, beyond those implied by the above state- 
ments of objectives, which significantly affect the results of the coverage analysis 
in this report. The assumptions which a r e  of particular importance to  a proper 
interpretation of the Summary and Conclusions in Section 2 are the following: 

1. The lunar landing missions considered are those for which the trans- 
Earth trajectory and the time of reentry are within limits as defined be- 
low, and are predictable at the time of leaving the Moon. It is assumed 
that time of departure from the Moon can vary by as much as three days. 
It is further assumed that mid-course corrections will adjust for any in- 
accuracies in injection so that the predicted conditions at the reentry 
point will be obtained. 

2. Pre-entry and reentry coverage considerations initially should not be al- 
lowed to place restrictions on the time when an Apollo mission can be 
conducted. If the number, locations, o r  instrumentation of stations re -  
quired to  meet the previously stated objectives turns  out to be economi- 
cally o r  technically unreasonable, trade-offs between objectives and mis- 
sion flexibility should be considered. 

3. Trans-Earth trajectory inclination angles relative to the Earth's equator 
will  be restricted to a maximum of 40 degrees; this is to assure  landing 
in a temperate climate. Ultimately, restrictions on fuel budgets, coupled 
with restrictions on lunar parking orbit configurations, may limit the al- 
lowable inclination angles. 

4. The minimum flight time from trans-Earth injection at the Moon until re -  
entry at an altitude of 400,000-feet is considered to be 60 hours, 
and the maximum time is considered to be 110 hours. The minimum is 
set  by fuel-budget restrictions and is currently in an undetermined state; 
however, indications are that it is likely to  increase as Apollo mission 
plans materialize. The general effect of a longer return t ime would be to 
ease the reentry coverage problem. The ability to vary flight t ime by at 
least 24 hours insured that a specific landing site (on a rotating Earth) 
will  be in its proper spatial orieiitzition at the time of lad ing .  

5. The range from the reentry point to touchdown may vary from approxim- 
ately 1200 to 5000 nautical miles. The shorter  range is set by g-limits 
on the spacecraft; the longer range by guidance system accuracy consid- 
erations. 
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6. Reentry flight profiles, following an initial descent t o  an altitude near 
200,000 feet, will  follow a ballistic lob trajectory, a constant-altitude 
trajectory for a large portion of the reentry path length, o r  a short-range 
emergency trajectory . 

7. All coverage for tracking purposes is based on a visibility, o r  masking, 
limit of 5 degrees above the horizon at the tracking station. 

1-4 



Section 2 

SUMMARY AND CONCLUSIONS 

The capabilities of various land and ship stations to  both t rack the Apollo 
spacecraft and communicate with it during the latter part  of the trans-Earth trajec- 
tory have been examined. A s  a starting point for the study, it was  necessary to  
calculate trajectories and related ground t racks terminating at selected landing 
sites. Sets of ground t racks were generated for the following typical landing points: 

1. Southwestern U. S., near San Antonio (29.5"N, 99" W) 

2. Woomera, Australia (29. 5"S, 135"E) 

3. Pacific Ocean, near Hawaii (20"N, 150"W) 

4. Pacific Ocean, near Samoa (lo's, 170"W) 

5 .  Pacific Ocean (10"N, 130"W) 

6. Pacific Ocean (lo's, 130"W) 

7. Pacific Ocean, on the Equator, near Panama (O", 85"W) 

8. Atlantic Ocean, near Antigua (17" N, 60" W) 

The first four si tes in this list have been mentioned (Ref. 4)  as possible can- 
didates for Apollo Landings, the first two as a paired set  of land sites to accommo- 
date landings throughout a month, and the next two as a paired set for water land- 
ings. (Although the specific coordinates cited may not agree precisely with those 
mentioned elsewhere, they a r e  typical. ) The two Pacific Ocean sites at 130" W 
longitude were chosen in this study to show the possibilities of coverage by ships 
for  a pair of si tes symmetricaiiy spaced from the equator but not iii an area where 
ship movement would be restricted by land masses. The equatorial site was chosen 
with a s imilar  objective of showing the possibilities of ship coverage for a single 
s i te  which might accommodate landings on any day of a month, weather permitting. 
Finally, the site near Antigua was  chosen to illustrate the coverage that would be 
possible using existing land stations in the U. S. and along the Atlantic Missile 
Range. 
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Ground tracks corresponding to reentry trajectories terminating at each of 
the landing sites listed above a r e  illustrated in Section 4. From the viewpoint of 
achieving the greatest flexibility in accommodating landings, including total days of 
a month and widest spread of inclination angles on most days, a site on the equator 
is the best single choice. Sites at latitudes progressively farther from the equator 
tend to eliminate landings on days near one o r  the other lunstice of the Moon's 
orbit. However, the spread of trajectory inclination angles available on some days 
is increased, the increases occurring during the southern-lunstice (SL) half of the 
lunar month for northern latitude landing sites, and during the northern-lunstice 
(NL) half of the month for southern latitude sites. This suggests that even wider 
mission flexibility may be provided by a suitably-chosen pair of landing sites, one 
north and the other south of the equator, than would be provided by one site on the 
equator. 

There a re  some penalties involved in making such a choice. One penalty is 
the elimination of trajectory inclinations smaller than the latitudes of the sites. 
Another penalty may be the necessity for two groups of reentry tracking and recov- 
e ry  forces; this depends on how far apart the chosen sites a re ,  particularly in lon- 
gitude. 

The results of the pre-reentry and reentry coverage analyses will be sum- 
marized separately in the following paragraphs. The stations assumed in the anal- 
yses include, in addition to ships in various ocean areas, the following land stations: 

Near-Earth o r  Extended-Range Stations 

Cape Kennedy 
Bermuda 
Grand Bahama 
Grand Turk 
Antigua 
Ascension 
Carnarvon 
Guam 
Hawaii 
Pt. Arguello, Calif. 
Corpus Christi, Texas 

Deep -Spac e Stat ions 

Goldstone 
Madrid 
Canberra 
Johannesburg 

All stations in the above list either exist now o r  have been suggested at one 
time or another as par t s  of the Manned Space Flight Network (MSFN), the Atlantic 
Missile Range (AMR), or  the Deep-Space Instrumentation Facility. (DSIF). While 
Johannesburg, a DSIF station, is intended primarily to serve  unmanned deep-space 
missions, it was included in this study because of its particular suitability for 
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filling a gap between the coverage iimits of iviadrici arid Zaiiberra for certair, pre- 
reentry trajectories. 

PRE-REENTRY COVERAGE 

Summary 

Communication and tracking coverage of pre-reentry trajectories is analyzed 
in Section 3. Table 2-1 summarizes the coverage that can be provided by the land 
stations for six of the eight landing sites assumed above. Pre-reentry coverage 
data for the pair of sites at *lo" latitude, 130"W longitude, were also analyzed but 
were not tabulated for this presentation because their general characteristics a re  
similar to those for the Samoa and Hawaii sites. 

Table 2-1  shows the average time before reentry that continuous visibility is 
lost  for trajectories terminating at a given site, as well as the earliest  loss of con- 
tinuous visibility among all the trajectories considered. The top half of the table 
summarizes the coverage provided by the combination of the three deep-space sites 
at Goldstone, Madrid, and Canberra. The bottom half of the table shows how the 
coverage is extended by also considering the coverage offered by the shorter-range 
stations. For  some trajectories, there are one o r  more gaps in the pre-reentry 
coverage between the time of visibility loss by deep-space stations to the final loss 
of visibility. The average of the total out-of-contact time is indicated in the third 
line in each half of the table, including the gaps prior to  final loss of contact by any 
station and the time between final loss of contact and the reentry point. A detailed 
tabulation of f ina l  loss of visibility and total out -of-contact t imes for  each trajec- 
tory is given in section 3. 

One of the objectives fo r  pre-reentry coverage mentioned in Section 1 is to 
t rack  and communicate with the spacecraft during and after the last mid-course 
correction, and before the Command Module-Service Module (CM-SM) separation. 
Deep-space stations at Goldstone, Madrid, and Canberra can provide at least 13 
minutes of such coverage for  all trajectories to  all landing sites except Hawaii and 
Samoa, based on the last mid-course correction occurring as late as one hour be- 
fore reentry and the CM-Sh'l separation occurring as early as 30 minutes before 
reentry. Coverage by these deep-space stations cannot be guaranteed for about 
48% of the trajectories to the site near Hawaii and for about 20% of the trajectories 
to  the site near Samoa if the last mid-course correction can occur at any time be- 
tween one and three hours before reentry. However, at least 16 minutes of coverage 
can be provided for  all trajectories to Hawaii and Samoa, and at least 30 minutes to  
all other si tes if the following holds true: 
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Table 2-1  

SUMMARY O F  PRE-REENTRY COVERAGE PROVIDED BY LAND STATIONS 

Landing Site at: 

San Antonio Woomera Hawaii Samoa Antigua Panama 

Coverage Provided by Goldstone, Madrid, and Canberra 

Average time before 
reentry for loss of 
continuous coverage 
(minutes) 

Earliest loss of con- 
tinuous visibility, 
minutes before re- 
entry 

9.3 

15 

14 76 50 13 18 

22 231* 211*t  29 47 

Average of total 
out-of -contact time 9.3 14 67 40  11 16 
(minutes) 

Combined Coverage Provided by Deep-Space and Near-Earth Stations 

Average time before 
reentry for loss of 
continuous cover age 6.6 14 4.4 15 8.7 5 .5  

(minutes) 

Earliest loss of con- 
tinuous visibility, 
minutes before re-  
entry 

Average of total 
out - of -c ontac t time 6.6 13 4.4 11 8.6 5.3 
(minutes) 

*The earliest loss of visibility can be reduced to 63 minutes for Hawaii landings 

14 22 2 0  43 2 1  13 

and to  45 minutes for Samoa landings if Johannesburg is added to the list of deep- 
space stations. 

Samoa site for a few trajectories. However, none is longer than about 3 minutes; 
hence they a r e  ignored here. 

tThere a r e  short gaps in deep-space coverage ear l ie r  than 211 minutes for the 
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i .  Stations at Carnarvori aiid Giiiiiil hzve the racges h,?dic&ec! k t e r  in 
Table 2-3. 

2. The deep-space station at Johannesburg is made available. 

3. A ship having about 32,000-mile range capability is made available in the 
western a rea  of the Indian Ocean. 

The ability to achieve the objective of tracking and communicating with the 
CM during and after jettisoning of the SM is indicated in Table 2-2. This table 
gives the percentage of t racks for which this objective can be met, assuming the 
use  of both deep-space and shorter-range stations of the MSFN, and assuming at 
least five minutes of coverage is desirable after the SM separation and before re- 
entry. 

Table 2-2 

PERCENTAGE OF TRAJECTORIES HAVING AT LEAST 
FIVE MINUTES OF COVERAGE AFTER SM SEPARATION 

Time Between SM Separation and Reentry 
Landing Site 30 Min. 20 Min. 10 Min. 

San Antonio 100 100 24 

Woomera 100 58 0 

Hawaii loo* 98* 74 * 
Samoa 98* 66* 66* 

Antigua 100 84 30 

Panama 100 100 53 

*Considered as paired sites, with landings at Hawaii from 
SL through the Node days, and at Samoa for the balance 
of the month, the percentages of all trajectories covered 
a r e  100% fo r  separation at 30 minutes, 97% at 20 minutes, 
80% at 10 minutes. 

The cnverages indicated by Tables 2-1 and 2-2 a r e  based entirely on 5O-above- 
the horizon visibility limits, without consideration of range requirements for spe- 
cific stations. Insofar as deep-space stations a r e  concerned, range capability pre-  
sents no problem. The range requirements for  the non-deep-space stations a r e  as 
indicated in Table 2-3. The maximum range for any station is about 32,000 nautical 
miles, which is required at Carnarvon to cover certain trajectories terminating at 
Hawaii. This range requirement could be reduced to about 4000 miles (and the 
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range requirement for Samoa landings to about 7000 miles) if the deep-space sta- 
tion at Johannesburg were made available. The Carnarvon range could also be re- 
duced if a ship with about 32,000-mile range capability were made available in the 
Indian Ocean. 

The range requirement f o r  ground stations after the jettisoning of the SM is 
of special interest because of the loss of the directional antenna which is to be 
mounted on the SM. The longest range from a ground station at which the jettison- 
ing can occur is 6700 miles, if this event occurs 30 minutes before reentry and if 
the spacecraft then is at the limit of visibility for a 5" station masking angle. 
Ranges at o r  very near the maximum of 6700 miles are required at Carnarvon for 
landings at Hawaii and Samoa, and at Guam for landings at Samoa and the equator- 
ial site near Panama. For  all other combinations of landing sites and C & T sta- 
tions, the maximum ranges as indicated in Table 2-3 occur after the CM-SM separ- 
ation, if this event occurs as early as 30 minutes before reentry. 

Table 2-3 

SUMMARY OF RANGE REQUIREMENTS FOR 
NON-DEEP-SPACE STATIONS PRIOR TO REENTRY 

C&T Station 

Carnarvon 

Guam 

Hawaii 

Ascension 

Pt. Arguello 

Corpus Christi 

Slant Range (nm) Required for Landing at: 
San Antonio Woomera Hawaii Samoa Antigua Panama -- 

2,400 l, 100 32,100* 26,700* ----- ---e- 

3,000 ----- 4,600 8,700 ----- 7,800 

3,700 ----- --- --- 5,300 2,200 

--- --- --- -- - --- 2,200 

-e- --- --- --- 3,300 1,200 

--- --- --- --- 2,200 --- 
*Carnarvon's range can be reduced to 4,000 nm for Hawaii landings and 

7,000 nm for Samoa landings if the Johannesburg deep-space station can be 
used, o r  if a ship having about 32,000-mile capability is available in the 
Indian Ocean. 

Pre-reentry coverage by land stations for Woomera landings can be supple- 
mented significantly by a ship located in the northern area of the Indian Ocean. 
Except for this landing site, however, ships appear to offer no great advantage in 
providing pre-reentry coverage over that which can be provided by land stations 
with the range capabilities indicated in Table 2-3. 
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PRE-REENTRY COVERAGE 

Conclusions 

With regard to  tracking and communication coverage of the pre-reentry tra- 
jectories, the following conclusions a re  drawn: 

1. 

2. 

3. 

4. 

Extended-range stations at Carnarvon (32,000 nm capability) and Guam 
(8700 nm capability) would add significantly to the coverage capabilities 
of deep-space stations for landings near Hawaii and Samoa. These sta- 
tions could also contribute substantially to the coverage for landings at  
the *lo" latitude pair of sites and the equatorial site considered in this 
report. Hawaii, Ascension, Pt. Arguello, and Corpus Christi can con- 
tribute limited pre-reentry coverage for some landing sites. 

If a deep-space station in the vicinity of Johannesburg were used, o r  if a 
ship having about 32,000-mile range capability were available in the west- 
e rn  a rea  of the Indian Ocean, the range requirement at Carnarvon could 
be reduced to about 7000 miles. 

Deep space stations supplemented by other appropriate stations, including 
extended range stations at Carnarvon and Guam, can provide adequate 
tracking and communication periods between the last mid-course correc - 
tion and the CM-SM separation. At least 15-30 minutes can be provided 
for each landing site considered. 

The objective of providing five minutes of coverage after the CM-SM sep- 
aration can be achieved for all landing s i tes  considered if the separation 
occurs at least 30 minutes before reentry. If the separation takes place 
less than 30 minutes prior to reentry, the 5-minute objective cannot al- 
ways be achieved, as shown in Table 2-2. 

REENTRY COVERAGE 

Summary 

One of the immediate conclusions reached from a study of the reentry ground 
t racks  in Section 4 is that continuous communication aid irackizg coverage cf all 
possible trajectories ire= the reentry point t o  the landing point is impractical, due 
to the large areas of the Earth spanned by these trajectories and the low spacecraft 
altitude in this interval. Thus, it becomes necessary to decide where the coverage 
of a reentry trajectory is apt to be most critical. 

The solution discussed under OBJECTIVES 
aimed at providing a period of tracking beginning 
reaches the minimum altitude (called "trough" in 

FOR REENTRY COVERAGE is 
approximately when the spacecraft 
this report) in its initial descent 
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into the atmosphere. This tracking is intended to  determine whether a nominal or 
emergency mode trajectory is being flown, and to estimate the landing point. If the 
emergency made is adopted, the station will be in a position to  t rack the spacecraft 
through a substantial par t  of its remaining flight. Depending on the severity of re- 
entry plasma effects, the station may also be able to  communicate with the space- 
craft at some time while it is within the station's visibility limits. 

For most of the reentry tracks presented in Section 4, the desired location of 
a tracking station to cover an interval starting immediately after the initial reentry 
descent occurs in an  ocean area. Thus, if coverage is to be provided without seri- 
ously restricting mission flexibility, it could be provided by appropriately instru- 
mented ships. 

COVERAGE BY SHIPS, in Section 4, discusses the extent of coverage possible 
for  landings at the five Pacific Ocean sites chosen for  analysis, using one to  three 
ships suitably deployed over the area spanned by the reentry trajectories to  those 
landing sites. 

The analysis is in two parts. In the first part ,  ship coverage is studied under 
an assumption that landings will  occur only on a specified nominal day. In the sec- 
ond part, landings are assumed also possible one day earlier and one day later than 
a nominal day. 

It is found that one ship alone can provide the desired coverage after the 
initial reentry descent for all possible trajectory inclinations on some days. Fur- 
ther, it can provide coverage of a large majority of the possible trajectory inclina- 
tions on the remaining days of the month. 

A second ship can substantially complete the coverage of the available spread 
of trajectories on most days. The additional coverage made possible by a third 
ship ranges from a fraction of a degree to  about 4 degrees of trajectory inclination 
on some days. This third ship can also t rack some of the same trajectory inclina- 
tions covered by either the first or second ship; these trajectories have two possible 
reentry points within the reentry range limits of 1200 t o  5000 miles. The only sig- 
nificant difference between the cases of the two reentry points, other than the length 
of their associated reentry trajectories, is a time difference of as much as three 
hours in the time of departure f rom the Moon and/or in the trans-Earth flight time. 
This magnitude of time variation seems well within tolerable l imits for a nominal 
Apollo mission. 

The analysis indicates that the same ships that can provide reentry coverage 
for a site near Samoa can also provide the coverage fo r  a site near Hawaii under 
the following condition: The transition from landings at one site to  landings at the 
other is made at a time when the spacecraft's departure f rom the Moon occurs 
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between the days N L  f 6 and the Node. However, an appreciabie percentage of the 
reentry points for trajectories terminating at Samoa on days near the northern 
lunstice fall over Australia and New Guinea. Other means of coverage would have 
to be provided in this area for  landings at Samoa, o r  else mission flexibility would 
be hampered. 

In like manner, the same ships that can provide coverage for one of the si tes 
at f 10" latitude, 130" W longitude can also provide coverage for the other, provided 
again that landings are shifted from one site to the other at a time near the Node of 
the Moon's orbit. These sites were chosen for analysis deliberately to assure  un- 
restricted ship movement, since there a r e  only small islands in the reentry ground 
t rack complex. 

In the case of Southwestern U.S. and Australia used as a paired set  of landing 
sites, the same reentry ships could not cover both a reas  unless there is an interval 
of weeks between the t imes when either one or  the other site would be used for a 
landing. However, if one o r  more ships a r e  provided in the Indian Ocean to serve 
ear l ie r  phases of an Apollo mission, a s  discussed in Reference 5, they can be re- 
deployed in time to serve the reentry phase as well for a landing at Woomera. 

In Section 4, under C & T INSTRUMENTATION REQUIREMENTS FOR SHIPS, 
some of the requirements for tracking communication and data processing facilities 
aboard reentry coverage ships a r e  discussed in general terms. The discussion is 
colored by these technical and operational uncertainties: 

1. The severity of the reentry plasma phenomenon to be expected during re- 
entry 

2. The extent of tracking and communication with the spacecraft that is 
needed during reentry 

3. The ship-shore communication techniques that may be available 

A brief assessment of the plasma attenuation problem indicates that VHF, 
S-band, and C-band frequencies a r e  all likely to be blacked out during the major 
portion of some possible types of trajectories, while for other trajectories they 
may be useful for significant periods. On the basis that tracking is necessary at 
least during the period following the reentry trough, as assumed in the coverage 
analysis, and that voice, telemetry, and possibly up-data transmissions a r e  desir- 
able, certain instrumentation requirements for reentry coverage ships are specified. 
They include capabilities for both ionization sheath and beaoon tracking at C-band 
and a unified S-band tracking and communication system similar to that planned for 
certain Apollo land stations. VHF communications appear t o  offer little benefit 
during reentry and are not warranted on ships for reentry purposes alone. 
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Slant-range requirements for these tracking and communication facilities a r e  indi- 
cated to be about 500 to  600 miles. 

Shipboard data processing and ship - sho r e  communication terminal facilities 
are left unspecified. These depend critically on the type of ship-shore communica- 
tions that can be assumed available in the Apollo time frame. Communication sat- 
ellites o r  airborne relay facilities are possibilities for more reliable, higher- 
capacity transmission channels than are now possible with the standard ship-shore 
radio facility today: H F  radio. The point is s t ressed in C&T INSTRUMENTATION 
REQUIREMENTS FOR SHIPS that there is a question of trade-off between ship- 
shore communicHtions and shipboard data processing facilities. 

REENTRY COVERAGE 

Conclusions 

The reentry coverage studies reported here lead to an over-all conclusion 
that it is feasible to  provide a reentry communication and tracking system of tract- 
able size using ships as the primary C&T stations. Instrumentation and deployment 
of ships as outlined in Section 4, while not assuring a complete history of spacecraft 
position and condition during reentry, would go a long way toward removing the ne- 
cessity for the IMCC to assume that the spacecraft had made a good trajectory and 
landing on the basis of a prediction made solely by pre-reentry tracking and com- 
munication information. 

The specific conclusions regarding reentry coverage are these: 

1. 

2. 

3. 

4. 

Continuous ground coverage from the reentry point t o  the landing point for 
all trajectories terminating at a given landing site is impractical. 

A period of tracking starting no later than when the spacecraft reaches 
the trough of its initial reentry descent is necessary to determine the type 
of reentry trajectory being flown, and to  estimate the landing point. 

Ships offer a solution for providing the capabilities noted above. AS many 
as three ships would be required to provide coverage for all possible re -  
entry trajectories to a given site. However, two ships can probably pro- 
vide enough coverage to avoid imposing serious limitations on mission 
flexibility . 
One group of reentry ships deployed as described in Section 4 can serve 
two landing sites north and south of the equator, provided the sites a r e  
not too widely separated in longitude. Specifically, the sites near Hawaii 
and Samoa can be served by the same tracking ships, as could a pair of 
sites at f 10" latitude, 130" W longitude. 
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during reentry is uncertain due to  plasma effects, but the possibility for 
such tracking and communication is good for at least some types of tra- 
jectories. Reentry tracking ships should be equipped for both ionization 
sheath tracking and beacon tracking at C-band frequencies. Unified 
S-band beacon tracking and communication facilities should be provided 
for use when plasma effects permit. Ships should also have facilities t o  
communicate with the IMCC. The extent of data-processing facilities re-  
quired on the ships depends on the bandwidth and reliability of the ship-to- 
IMCC communication facilities provided. 
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Section 3 

PRE-REENTRY COVERAGE 

OBJECTIVES FOR PRE-REENTRY COVERAGE 

For purposes of this report, the pre-reentry phase of an Apollo lunar landing 
mission has been defined as that portion of the trans-Earth trajectory extending 
from approximately 50,000 nm altitude to 400,000 feet altitude (the latter defined as 
the reentry point). This interval is expected to include two major events: the last 
mid-course correction, and the separation of the Command and Service Modules. 
The mid-course correction is expected to occur from one to  three hours before re- 
entry, and the CM-SM separation from 10 to 30 minutes before reentry. 

Two principal communication and tracking objectives for the pre-reentry 
phase have been stated in the Introduction. 
period of tracking and communication with the spacecraft during and after the last 
mid-course correction, but before the separation of the CM and SM. Tracking is 
needed following the mid-course correction t o  accurately predict the reentry point 
parameters. Communication is needed to assess the condition of the spacecraft 
and its occupants and to provide ground-generated information to  assist  in the re- 
entry. Continuous coverage during the interval between the last mid-course ma- 
neuver and the CM-SM separation is not essential. 

The f i r s t  objective is to provide a 

The second objective of the ground network during the pre-reentry phase is 
t o  track and communicate with the CM for an interval beginning before the s ta r t  of 
the SM stage-off event and continuing on for about 5 minutes after the stage-off is 
completed. 
which the SM stage-off may have disturbed the CM trajectory, and to inform the 
CM of the resultant effect on predicted reentry conditions. 

Coverage during this interval is desired to determine the extent to 

The coverage analysis in this section will indicate the possibilities of meeting 
the above objectives when landing sites and C&T stations a r e  as listed in Section 2. 
Before coverage aspects are discussed, however, it is necessary to  consider the 
trajectories and related ground tracks that apply. 

3-1 



PRE-REENTRY TRAJECTORIES AND GROUND TRACKS 

The following paragraphs discuss in general t e r m s  the methods used in this 
study to  generate pre-reentry altitude profiles and ground tracks. Examples of 
ground tracks terminating at various landing sites are included. 
planation is given in Appendix A. 

More detailed ex- 

The accuracy required in calculating trajectories to  be used in an analysis of 
ground coverage can be appreciably less than might be required for other purposes 
(for example, for analysis of spacecraft guidance problems). The approach taken, 
therefore, was to develop a relatively simple method of generating trajectories and 
related ground tracks. Appendix A discusses the simplifying assumptions used in 
the analysis. 

Beyond the calculation of ground tracks, the methods described in Appendix 
A give the points of initial contact (CON) and loss of signal (LOS), or  loss of visi- 
bility, for any assumed ground station and any specified antenna masking angle (5" 
has been used here). The entire procedure has been programmed for computer 
analysis, making it readily possible to assess the potential utility of stations other 
than those specifically assumed in this report, in t e rms  of their coverage capa- 
bilities relative to any set  of pre-reentry tracks. 

Figure 3-1 shows a pre-reentry track computed for the following conditions: 

1. Landing s i te  at latitude 29.5" north, longitude 99" west (San Antonio, 
Texas) 

2. Departure of the spacecraft from the Moon at Southern Lunstice (SL), the 
Moon's declination with respect to  the Earth's equator being -28. 5" at this 
t ime 

Trajectory inclined 29. 5" to the equator (this, in conjunction with the 
latitude of the landing site, resulting in a due-East approach heading at 
the landing site 

4. Reentry flight path angle of -6.4" 

5. Orbit eccentricity = 0.98. 

Altitude and t ime ticks are shown at various points along the track. In addi- 
tion, visibility limits are shown for  a number of stations. This track, like all the 
pre-reentry tracks developed in this study, terminates at the reentry point. How- 
ever, a reentry track as developed by the methods described in Appendix B for the 
same lunar-departure conditions has been added to  illustrate the continuity of the 
two phases. 

3. 

3 -2 



I I I O 0 0  

I 
I 
---I--- + t ,  IN MINUTES BEFORE RE€ 

h. IN NAUTICAL MILES 
rRY I 

I 
I 
I o  

I 
I 

t=i.e 
h.163 . J 

0.0 -r 
ENTRY POlN E --+--- I I 

I 
I 
I 

t-I 
h= l  

HAW LOS 

h=321 I t=5.i 
h.55 

e . b 
h.1300 

=I882 
CANBERRA 

0 

LO9 . . 1'19.1 

\ .  

/ ~ 3 4 . 2  
h.5337 

1 CON 

' t=205.5 
h = 27979 

25.3 
3774 

0 I ** L 
Q 

T . 
I '  4 

GUAM CON 

h=1122? 

h'17164 

t =449 
h.50353 
I 

TONE LOS < 

CANBERR % 
4 

/ 
/ 

0 .  I 130. I 140. I 150. I I * I  I 0 1 1  I *  I I 

Figure 3-1. Example of Pre-Reentry and Reentry Track 

3-3 



An analysis of the sensitivity of pre-reentry ground t racks to changes in orbit 
eccentricity and reentry flight path angle is reported in Appendix A. Briefly, the 
results show that variations in these two parameters  within limits considered ap- 
propriate for Apollo trajectories produce negligible effects from the viewpoint of 
pre-reentry coverage. Hence, a l l  tracks used in the subsequent pre-reentry analy- 
sis were computed for nominal values of these parameters  (0.98 for eccentricity, 
-6.4" for reentry flight path angle). Day of departure from the Moon, trajectory 
inclination angle, and landing site are thus the pr ime variables. The maximum de- 
clination of the Moon was  assumed to  be 28. 5" for the entire analysis. 

The ground t racks calculated for each landing site were quantized with re- 
spect to day of departure from the Moon, and with respect t o  inclination angle rela- 
tive to the Earth's equator. Integral days of departure throughout the lunar month 
were taken, except at the node. Days a r e  referred to either Northern o r  Southern 
Lunstice (NL o r  SL, respectively). Thus, consecutive computing points a r e  at SL, 
SL + 1, SL + 2, SL + 3, SL + 4, SL + 5, SL + 6, Node, NL - 6, NL - 5, etc. The 
t imes corresponding to the node a r e  approximately 6-3/4 days from the lunstices, 
equivalent to a 27-Earth-day lunar month. Inclination angles were varied in 5" 
steps (with a few exceptions). 

Reentry points and ground tracks are identical for departures on the same 
day from lunstice, regardless of whether that day is before o r  after lunstice. This 
follows since the declination of the Moon is the same in both cases. Thus all t racks 
are labeled with f signs for the day of departure. 

Figures 3-2 through 3-7 show representative ground t racks for pre-reentry 
trajectories terminating at the following assumed landing sites: 

Figure 3-2: Southwestern U. S., Latitude 29. 5"N, 
(near San Antonio) 

Figure 3-3: Woomera, Australia, Latitude 29. 5"S, 

Figure 3-4: Pacific Ocean Latitude 20"N, 
(near Hawail) 

Figure 3-5: Pacific Ocean Latitude 10 " S, 
(near Samoa) 

Figure 3-6: Atlantic Ocean, Latitude 17"N, 
(near Antigua) 

Figure 3-7: Pacific Ocean Latitude 0", 
(near Panama) 

Longitude 99" W 

Longitude 135" E 

Longitude 15O"W 

Longitude 170" W 

Longitude 60" W 

Longitude 85"W 
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T..-.-.l-- r&aL&3 for t.672 addiiisna! water landing sites - at +1C" latitude, 130" west 

longitude - have been computed but a r e  not plotted here. 

The tracks shown on each of Figures 3-2 through 3-7 are for  different in- 
clination angles but for the same day of departure from the Moon. In all cases, 
the t racks are terminated at the reentry points. The coverage limits for various 
ground stations as shown on the illustrations will be discussed later. 

In line with assumptions 2 and 3 in the Introduction (page 1-3), ground tracks 
have been calculated fo r  all days of the lunar month and for trajectory inclination 
angles up to a maximum of 40". The minimum trajectory inclination in all cases 
is a value equal to  the latitude of the intended landing site, o r  a value equal to the 
declination of the Moon on a given day of the month, whichever is greater. Thus, 
the only constraints imposed on trajectories and ground tracks for the various land- 
ing s i tes  are those imposed by geometry. Conceivably, various mission constraints 
(e. g., fuel budgets) may ultimately impose further restrictions on the allowable 
sets of trans-Earth trajectories, and thereby ease the C&T coverage requirements; 
however, the specific constraints are not yet evident and hence there  is no basis 
at this time for excluding from the coverage analysis any of the ground tracks de- 
veloped here. 

COVERAGEOFPRE-REENTRYTRACKS 

The specific land stations assumed for the pre-reentry coverage analysis 
are the following: 

Ascension Is land 

Carnarvon, Australia 

Guam 

Hawaii 

Pt. Arguello, California 

Corpus Christi, Texas 

Goldstone 

Madrid , deep-space stations 

Canberra 

I 
Figure 3-8 shows the locations of the land stations listed above, together with 

several  stations assumed later in the reentry coverage analysis. 
visibility contours for selected stations are also shown. 

10,000-mile 
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Representative coverage capabilities of various C&T stations are indicated on 
Figures 3-2 through 3-7 by the heavy line portions of the ground tracks. Coverage 
data for  these tracks, and for others which were computed but are not illustrated 
here, are shown in bargraph form in Figures 3-9 through 3-14. These charts show 
the time (in minutes before reentry) that the last deep-space station loses contact 
with the spacecraft. In a few cases, there is a gap in the coverage provided by the 
deep-space stations prior to  the final loss of visibility by a deep-space station. The 
charts also show loss of visibility times for other stations that are capable of sup- 
plementing the coverage of the deep-space stations. In most instances, this supple- 
mentary coverage occurs after loss of visibility by the deep-space station; in a few 
cases, however, an earlier gap in the coverage of the deep-space network can be 
filled by a non-deep-space station. The entries in the column at the right of each 
chart show the total out-of-contact time for the trajectory being considered, pro- 
vided that each station having visibility of the spacecraft during that trajectory also 
has the required range capability to do something about it. Range requirements for 
the various stations are discussed in  the next section. 

The objective of communicating and tracking during and after the last mid- 
course correction can be met by the deep-space stations for all tracks terminating 
at San Antonio, Woomera, Antigua, and Panama. At least 13 minutes of continuous 
coverage can always be provided for trajectories to  these sites, even though the 
last mid-course correction occurs a s  late as one hour before reentry. Coverage 
by the deep-space stations cannot be guaranteed for 48% of the Hawaii tracks and 
f o r  20% of the Samoa tracks, if  the last mid-course correction can occur at any 
t ime between one and three hours before reentry. However, all tracks to the latter 
sites can be covered continuously for at least 16 minutes after the mid-course 
correction by using the Carnarvon and Guam stations. 

The ability t o  realize the objective of communicating and tracking for 5 min- 
utes following the jettisoning of the SM is indicated in Table 3-1. This table shows 
the percentages of tracks for which this objective can be met, assuming the use of 
both the deep-space and shorter-range stations listed on page 3-5. 

Table 3-2 below shows the results of averaging the coverage data for all 
tracks. The f i r s t  entry for each landing site gives the average time, in minutes 
before reentry, when continuous deep-space coverage is lost. The second entry 
gives the average deep-space station out-of-contact time. It differs from the first 
entry when there are gaps in the deep-space coverage. The last entry gives the 
average out-of-contact time when near- Earth stations a r e  added to  supplement the 
deep-space coverage. 
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Table 3- 1 

PERCENTAGE OF TRAJECTORIES WITH AT LEAST FIVE 
MINUTES OF C&T AFTER SM SEPARATION 

Time Between SM Separation and Reentry 
Landing Site 30 Min. 20 Min. 10 Min. 

San Antonio 100 100 24 

Woomera 100 58 0 

Hawaii loo* 98* 74* 

Samoa 98* 66* 66* 

Antigua 100 84 30 

Panama 100 100 53 

*Considered as paired sites, with landings at Hawaii for "SL" 
through the "Node" day, and at Samoa for the balance of the 
month, the percentages of all trajectories covered are: 

For separation at 30 Min. : 100% 
For separation at 20 Min. : 97% 
For separation a t  10 Min. : 81% 

Table 3-2 

AVERAGE OUT-OF-CONTACT TIME 

Average Time Be- Average Combined 
fore Reentry for Average Deep- Deep-Space and 

Loss of Continuous Space Station near-Earth Station 
Deep-S ace Cover- Out-of-Contact Out-of-Contact 

Landing Site age (Linutes) Time (Minutes) Time (Minutes) 

San Antonio 9.3 9.3 6. 6 

Woomera 13.7 13.7 13.4 

Hawaii 75. 7 67.0 4.4 

Samoa 50.4 39.6 11.2 

Antigua 13. 2 11.2 8.6 

Panama 17. 6 16.0 5.3 
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Note that the Hawaii lzfi&~g site, -j;-l"lieS has the earliest average aeep-space 
loss-of-signal time, has the least total out-of-contact time when near-Earth si tes 
are included. Near-Earth station coverage is also very useful in reducing the out- 
of- contact time fo r  Samoa, and moderately useful for the equatorial site near 
Panama. It is less useful for San Antonio and Antigua, but supplementary coverage 
is not particularly needed for these two landing sites since they have the latest deep- 
space LOS times. Near-Earth coverage is least useful for Woomera, providing an 
average of only 0.3 minutes additional coverage. (Most of Woomera's out-of-contact 
t ime occurs over the Indian Ocean, and could be reduced by ship stations. This 
will be discussed later in this section. ) 

The specific stations providing useful pre-reentry coverage are shown in 
Table 3-3. The column on the left shows the average deep-space station out-of- 
contact time. The next six columns show the average reduction in out-of-contact 
t ime provided by each station that is useful for this purpose. These stations are 
considered independently. Thus, the total out-of-contact t ime shown in the far right 
column cannot in general be derived by subtracting the total reduction for all near- 
Earth stations from the deep-space station out-of-contact time. It is assumed the 
stations a r e  not range limited. In the cases  of Carnarvon and Guam, the range re- 
quired is substantial (see the following section entitled, PRE-REENTRY RANGE 
REQUIREMENTS). 

, 

Details on the coverage for each t rack considered are given in Figures 3-9 
through 3-14. Each t rack is identified as to day of departure, trajectory inclination, 
and landing approach heading. The upper bar(s) on each t rack show the deep-space 
coverage. The lower bar(s) shows the near-Earth coverage starting at the time of 
loss  of continuous deep-space coverage. In order to keep these graphs readable 
and relatively compact, no attempt has been made to show overlap in station cover- 
age (except for deep-space and near-Earth station overlap when the near-Earth 
station can cover an early gap in deep-space contact). 

Pre-reentry coverage for two additional landing s i tes  has been examined 
(10"N, 130°W, and 10°S, 130"W). These s i tes  were chosen specifically to explore 
the reentry coverage that might be provided by ship C&T stations, as discussed in 
Section 4. 
plotted because the general pre-reentry coverage characteristics are similar to 
those for Hawaii and Samoa. 
was  about 3-1/2 hours before reentry for both sites, and the average deep-space 
station out-of-contact time for both si tes was substantial. Carnarvon and Guam 
appeared to  be very useful stations for reducing the out-of-contact time. 

Pre-reentry coverage data was generated for these sites, but was not 

The earliest loss of continuous deep-space coverage 
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Figure 3-9. Pre-Reentry Coverage for San Antonio Landing 
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Figure 3-11. Pre-Reentry Coverage for Hawaii Landing (sheet 1) 
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Figure 3-11. Pre-Reentry Coverage for Hawaii Landing (sheet 2) 
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Figure 3-12. Pre-Reentry Coverage for Samoa Landing (sheet 2) 
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Figure 3-13. Pre-Reentry Coverage for Antigua Landing (sheet 1) 
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Figure 3-13. Pre-Reentry Coverage for Antigua Landing (sheet 2) 
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Figure 3-14. Pre-Reentry Coverage for Panama Landing (sheet 1) 
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The chief problems in providing pre-reentry csvemge are the range require- 
ments at Carnarvon and Guam for covering Hawaii and Samoa landings. Range re- 
quirements a r e  discussed in the next section entitled, PRE-REENTRY RANGE RE- 
QUIREMENTS. In an effort to see whether these range requirements might be re -  
duced, the coverage capabilities of the Johannesburg deep-space site (part of the 
DSIF) were analyzed for  Hawaii and Samoa landings. All of the very early deep- 
space LOS's occur when the spacecraft is over the Indian Ocean, approximately equi- 
distant f rom both Madrid and Canberra. The t racks corresponding to these ear ly  
LOSS all pass near Johannesburg. 

If Johannesburg is considered along with Canberra, Madrid, and Goldstone, 
the earliest deep-space station LOS is 63 minutes for Hawaii landings and 45 minutes 
f o r  Samoa landings. In all cases ,  Johannesburg's coverage extends back several 
hours in t ime so that no gaps are introduced in the deep-space coverage pr ior  to 
final deep-space LOS. 

. 

Reference 5 has suggested the possibility of one or  two ships in the Indian 
Ocean to provide tracking coverage after the trans-lunar injection. The possible 
use  of one of these ships for pre-reentry coverage as well has been studied. It was 
found that if the ship is stationed in the western a rea  of the Indian Ocean, it can f i l l  
the gaps in deep-space station coverage of Madrid and Canberra for landings at 
Hawaii and Samoa. Thus, three possibilities of covering these gaps a r e  apparent: 
provide adequate range capability at Carnarvon (32,100 miles is cited later), use 
the Johannesburg deep-space station (or some other land station in that vicinity with 
about 32,000-mile range capability), o r  use a ship in the western par t  of the Indian 
Ocean. It is worth noting that the spacecraft altitude when passing over the Indian 
Ocean and headed for landings at Hawaii o r  Samoa is so high that it is very little 
different from the slant range to any C&T station at  the limit of visibility. In other 
words, the range that would be required for a ship positioned directly underneath 
the spacecraft would be almost as much as the range required at a ground station 
(e. g. ? Carnarvon) several thousand miles away. 

The use of a ship to provide pre- reenhy coverage for landings at Woomera 
has  also been studied. In this case, the spacecraft altitude over the Indian Ocean 
is relatively low as it approaches Australia, and the spacecraft does not become 
visible to Carfiarvon iiiitii it gets iiear the Australian West Coast. 
indicates that the earliest loss of contact by a deep-space station (Madrid) is about 
22 minutes before reentry, and that there are a number of trajectories for which 
the subsequent out-of-contact t imes a r e  of the order  of 20 minutes. The average 
out-of-contact time, without including ships, is about 13.4 minutes. 

Figure 3-10 

To determine how well ships might supplement this coverage, fifteen arbi t rary 
ship locations in the Indian Ocean were chosen for analysis, and the reduction in the 
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average out-of-contact t ime was  calculated independently for  each location. 
ure 3-15 shows these locations and the percentage reduction in out-of-contact time 
associated with each for landings at Woomera. It is apparent f rom this figure that 
the optimum location for a single ship for extending pre-reentry coverage is in the 
northern a rea  of the Indian Ocean. Also shown a r e  three possible ship locations 
examined in Reference 5 for possible coverage of other mission phases. The a r c s  
drawn from these locations show the re-deployment radius possible for these ships 
with seven days of sailing time at a speed of ten knots. 

Fig- 

PRE-REENTRY RANGE REQUIREMENTS 

Consistent with the objectives stated in Section 1 and the general approach 
followed throughout this section, the only stations to  be considered for pre-reentry 
coverage are stations which also have a role in the earlier Earth orbit and/or post- 
injection phases of the Apollo mission. It wi l l  be assumed that the C&T functions 
to be performed during the pre-reentry interval are the same as during these 
earlier phases; specifically, they wi l l  include tracking, two-way voice, spacecraft- 
to-ground telemetry, and ground-to-spacecraft data transmission. Assuming also 
that channel capacities, signal frequencies, and modulation methods are the same, 
stations active during the pre-reentry interval should need no additional radio o r  
baseband terminal equipments. Larger antennas may or may not be required, de- 
pending on whether a station is one that has been planned only for service while the 
spacecraft is in the Earth parking orbit, o r  may have been given an extended range 
capability to cover the post-injection phase as well. 

The desired range capabilities for various stations during the pre-reentry 
period are indicated in Table 3-4. This table has been prepraed from the same 
trajectory data used in plotting the various ground tracks and station coverage capa- 
bilities shown elsewhere i n  this section. The criteria used in developing the en- 
t r ies  listed in the table a r e  illustrated in Figure 3-16. Here, ground tracks a r e  
shown for two typical trajectories terminating at a landing site near Hawaii. The 
tracks differ in the inclination angle and reentry path length involved. Also shown 
a r e  the limits of visibility (at 5" above the horizon) for the deep-space station at 
Canberra and an assumed station at Guam. In Case A, the coverages partially 
overlap. For purposes of determining the appropriate range entry in Table 3-4, 
the required range for the Guam station is taken only as the range to  the point where 
Canberra loses visibility. In those cases  where the overlap of coverage by a deep- 
space site and a non-deep-space site is considerable, choice of the visibility limit 
from the non-deep-space site as the criterion fo r  setting a range requirement would 
be unnecessarily demanding. 
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 or ssne trzjectories, rzprese;;t& by C a e  S k Flgiie 3-16, there is no 
overlap of coverage between a deep-space site and the non-deep-space site of inter- 
est. In these cases, the range requirement is taken to be that represented by the 
visibility limit, in order  to provide coverage of as much of the trajectory as possi- 
ble. The entry listed in Table 3-4 for a particular combination of C&T station and 
landing site is the maximum range found by considering all cases  of types A and B 
among the trajectories discussed in Section 4. 

There are some cases, particularly for Hawaii and Samoa landings, where 
gaps occur in deep-space coverage well before reentry (up to 5 hours in the worst 
case). Generally, the gaps are brief. In all cases ,  a near-Earth station (usually 
Carnarvon) can cover these gaps. However, when the gaps were less than 5 minutes 
in duration and would have required a longer range of the near-Earth station than 
would otherwise be required, they were ignored. It is presumed that if a mid-course 
correction were planned for a time when there  was such a coverage gap, it could be 
re-scheduled a few minutes earlier or later at a time when coverage is available. 
Without such an  assumption, the range requirement for Carnarvon would be 38,700 
nm (for a Samoa landing). Range requirements would be increased slightly for 
some other cases, but not more than 20 to 25Ye 

Table 3-4 considers the stations to be operating co-operatively (e. g., if two 
stations can both provide coverage at a long range, the long range requirement is 
assigned to only one of them). If the stations had been considered independently, 
Guam, in particular, would have required a much longer range (over 30,000 nm). 

Table 3-4 

SUMMARY OF RANGE REQUIREMENTS FOR 
NON-DEEP-SPACE STATIONS PRIOR TO REENTRY 

Slant Range (nm) Required for Landing at: 
C&T Station San Antonio Woomera --A Hawaii Samoa Anti ua 

Carnarvon 2,400 1,100 32,100* 26,700* --- 
Guam 3,000 --- 4,600 8,700 --- 
Hawaii 3,700 --- 
Ascension --- 2,200 --- --- --- 
Pt. Arguello -- - - -- 
Corpus Christi --- --- 

--- --- 5,300 

--- --- 3,300 

--- --- 2,200 

Panama 

--- 
7,800 

2,200 

--- 
1,200 

--- 

*Carnarvon's range can be reduced to 4000 nm for Hawaii and 7000 nm for Samoa 
if the Johannesburg deep-space station can be used. 
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__ 
The range at the time oi jettisoning the SM is of special interest, because at 

this time the directional antenna on the SM is lost. 
antenna on the CM must be used. The longest range from a ground station at which 
the jettisoning can occur is 6,700 nm, if this event occurs 30 minutes before re- 
entry and the spacecraft is then a t  the limit of visibility for a 5" masking angle. 
The shortest range (also for  30 minutes) is 4,575 nm, applying when the CM-SM 
separation occurs directly over the ground station. Ranges at or very near the 
maximum of 6700 miles are required at Carnavon for landings at Hawaii and Samoa, 
and at Guam for landings at Samoa and the equatorial si te near Panama. For all 
other combinations of landing sites and C&T stations, the maximum ranges, as in- 
dicated in Table 3-4, occur after the CM-SM separation if this event occurs as 
early as 30 minutes before reentry. 

From then on, a non-directional 
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Section 4 

REENTRYCOVERAGE 

This section is concerned with communication and tracAng coverage during 
the reentry phase of an Apollo return flight from the Moon. The period of interest 
extends from the time that the spacecraft first reaches 400,000 feet altitude until 
landing. 

The approach followed in this section generally parallels that of the preceding 
section on pre-reentry coverage, except that a discussion of the objectives for re-  
entry coverage will be deferred until after the reentry trajectory and ground track 
characteristics have been described. This is done because of the major impact that 
these characteristics have on the specific objectives ultimately adopted for the re- 
entry coverage analysis. 

REENTRY GROUND TRACKS AND ALTITUDE PROFILES 

A s  in the case of the pre-reentry coverage analysis, the intent here is to place 
no restrictions on mission flexibility, other than those restrictions explicitly o r  im- 
plicitly contained in the assumptions stated in the Introduction, Section 1. The prin- 
cipal assumptions affecting considerations here include the limitation on trajectory 
inclination angle to  a maximum of 40" relative to the Earth's equator, and the limi- 
tation on reentry range to values between 1200 and 5000 nautical miles. These as- 
sumptions serve to define areas on the surface of the Earth covered by sets of ground 
tracks to specific landing points. As in Section 3, the maximum declination of the 
Moon is taken as 28.5" throughout. 

Reentry Ground Tracks 

Figures 4-1 through 4-6 show reentry ground tracks for the same landing sites 
illustrated in the pre-reentry study of Section 3 .  Details of the method of generating 
these tracks are described in Appendix B. 

Figure 4-1 illustrates reentry tracks for a landing on the equator. The tracks 
on Figure 4-2 are drawn for a landing near Samoa, but can also be used for any other 
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site at -10" latitude by an appropriate shift of the entire s e t  of tracks in longitude. 
The tracks for a +lo" latitude landing would be the mi r ro r  image of this set, the tra- 
jectories for days toward NL having a spread equal to that of the SL days fo r  the 
-10" site. 
site near Hawaii; again, the tracks for a -20" latitude landing would be the mirror  
image of this set. 
Antonio and Woomera, respectively - while Figure 4-6 illustrates tracks for a site 
near Antigua. 

Figure 4-3 illustrates the ground tracks for landings at a +20" latitude 

Figures 4-4 and 4-5 apply to landings at *29.5" latitude - San 

The solid lines on these illustrations indicate the ground tracks for various 
trajectory inclination angles. The dashed lines are loci of reentry points for the 
indicated days of spacecraft departure from the Moon: SLY SL i 1, etc. The tracks 
a r e  bounded by a maximum inclination of 40" and the maximum range limit of 5000 
nm. The minimum range of 1200 nm is also indicated on each illustration. A l l  tra- 
jectories for which these ground tracks are drawn were computed for a nominal re- 
entry flight path angle of -6.4 O. 

For each trajectory inclination and landing approach heading, there are two, 
one, or no possible reentry points on a given day. If the inclination exceeds the 
magnitude of the latitude of the landing site, two reentry points a r e  theoretically 
possible. In almost all cases, at least one of these points requires a reentry range 
either longer than 5000 miles or shorter than 1200 miles and must be rejected. For 
a few cases, both reentry points are allowable (see Figure 4-3, the map for a Ha- 
waii landing for some examples). For still other cases, neither reentry point is 
allowable. There wil l  also be no reentry point along a given inclination trajectory 
if  the declination of the Moon on the day of departure exceeds that particular trajec- 
tory inclination. 

It is evident from the reentry track illustrations that an equatorial landing 
site permits greater flexibility in return trajectories in t e rms  of allowable landing 
dates and trajectory inclinations than a site at any other latitude, under the assump- 
tion that fuel budget is not a limiting factor. As shown on Figure 4-1, all days of 
the month and all  inclination angles from 0" to the maximum of 40" are represented. 
(The full spread of inclination angles is not available on all days; however, this is 
true for any landing site. ) 

An interesting situation occurs at an equatorial site for departures from the 
Moon when the Moon is at the node in i t s  orbit around the Earth. A t  this time, the 
reentry points for  all  trajectory inclinations except 0" occur about 1125 miles from 
the landing point. This is slightly less than the minimum assumed range require- 
ment of 1200 miles. As a practical matter, nevertheless, landings throughout the 
entire month should be considered permissible at an equatorial site. 
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A s  landi~gs  are cnnidered  thzt are progieaaiveiji far'ther from the equator, 
the number of allowable landing days decreases, as does the spread of allowable in- 
clination angles on many of the remaining allowable days. In the cases  of landing 
sites at 10" latitude (Figure 4-2), all days can still be accommodated, but inclina- 
tion angles less than 10" a r e  no longer permissible on any day, and the spread of 
inclination angles on days near one of the lunstices (SL for southern latitude landings, 
N L  for northern latitude landings) decreases significantly. The decreased flexibility 
is more pronounced for the 20" latitude site (Figure 4-3), several days near NL be- 
ing eliminated entirely. When the landing site is moved as far as 29.5" from the 
equator (Figures 4-4 and 4-5), one site can accommodate little more than half of a 
month. 

By pairing up two landing sites, one at a southern latitude and the other at a 
northern latitude, and making the proper choice between the two at the time of a 
mission, the restriction on mission flexibility in te rms  of allowable days of the 
month can be removed. Some restriction on inclination angles still remains, the 
extent of the restriction increasing with distance of the si tes from the equator. 

Reentry Altitude Profiles 

In order to discuss ground station coverage during reentry with meaning, it 
is necessary to take into account the altitude and velocity of the spacecraft as a func- 
tion of time and position over the Earth. The CM is being designed to be maneuver- 
able af ter  it enters the Earth's atmosphere, and the specific maneuvers under- 
taken will be dependent on the flight path angle at reentry and on the total reentry 
range to be flown. Thus, the altitude and velocity profiles that may be traced dur- 
ing a given reentry flight cannot be precisely specified in advance of the mission. 
Plans for C&T coverage must anticipate the potential spread of profiles considered 
feasible within the limits of spacecraft design parameters:  heating, "g" forces, 
guidance implementation, etc. 

A s  presently understood, a nominal reentry flight under automatic control of 
the CM's guidance system may follow either a "ballistic-lob" o r  a "constant-altitude" 
profile after the initial descent to an altitude near 200,000 feet. In addition, it is 
understood that there will be an emergency back-up mode involving a curtailed-range 
flight profile; flights in this mode would be controlled manually by the astronauts. 

Plots believed typical of the ballistic lob category of profiles are shown in 
Figures 4-7 through 4-11. They a r e  reproduced from Reference 1. Altitude pro- 
files a r e  shown for reentry ranges of 5000, 4000, 3000, 2000, and 1000* nm and 

*1200 nm has been assumed in this report as a minimum range. The shapes of the 
reentry trajectories for  1000 and 1200 nm range a r e  undoubtedly quite similar. 
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for initial reentry flight path angles of -5.4", -6.4", and -7.4". Velocity profiles 
a r e  plotted only for a nominal initial reentry flight path angle of -6.4 " since velocity 
profiles for all  trajectories of a given length have essentially the same shape. Time- 
to-go ticks spaced at two-minute intervals are shown for all profiles. 

For the -7.4 " trajectories, the minimum altitude "trough" of the initial descent 
is reached about 400 miles beyond the reentry point. The trough is relatively nar-  
row, and the ballistic lob is steep with a high peak altitude. For smaller values of 
the flight path angle, minimum altitude reached in the initial descent increases and 
trough position moves farther down range. The trough widens and the ballistic lob 
becomes shallower, reaching a lower peak altitude. The final descent portion of 
all trajectories is very similar. For reentry ranges less than about 2000 miles, 
there would be no ballistic lob. 

For the initial descent and ballistic lob portions of all trajectories, the velocity 
at a given range from the reentry point varies with reentry flight path angle as fol- 
lows: 

V(-7.4") 5 V(-6.4") 5 V (-5.4") 

Thus, as flight path angle becomes less steep, the point where orbital velocity is 
reached moves down range. This down-range shift is about 200 to 300 miles for a 
change in initial reentry flight path angle of about 1 O .  The t e rm "orbital velocity" 
is used here  in an approximate sense. The actual velocity during the major portion 
of the ballistic lob drops slightly below an orbital value, varying from about 25,000 
to 23,500 fps over the se t  of reentry trajectories. 

Quantitative information about the nominal constant-altitude mode and the 
emergency back-up mode was not available for this study. However, it is under- 
stood that the initial descent into the atmosphere for either mode would probably be 
closely identical to the initial descent portions of the ballistic lob trajectories. In 
the constant-altitude mode, the profile would level out not far beyond the point where 
the trough occurs in the ballistic lob mode, and the spacecraft would fly at that alti- 
tude until it approached the final descent region. It would maneuver laterally as it 
proceeded down range. 

In the emergency back-up mode, the astronauts would guide the spacecraft to 
a landing in as short a period of time as possible while keeping g-forces within 
spec if ied limits . 

OBJECTIVES FOR REENTRY COVERAGE 

The objectives of C&T stations during the reentry phase have been stated in 
Section 1, Introduction. They are: 
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1. To collect sufficient information about the trajectory of the CM to be able 
to make an estimate of the landing point which will permit expeditious re- 
covery 

2. To provide communication with the CM. 

These objectives are deliberately stated in very general terms because of the 
variability of the reentry trajectories as discussed in the previous paragraphs, and 
because of an uncertainty in knowing the extent of tracking and communications that 
is essential. If the reentry trajectory is flown precisely as planned, the landing 
point should be known with sufficient accuracy to  permit rapid recovery without any 
tracking or communication with the spacecraft during the reentry phase. In case the 
reentry flight does not proceed as planned, an estimate of the new landing point 
based on tracking data may aid rapid recovery. The extent of the coverage available 
and of the maneuvering capability available to  the CM after the tracking interval af- 
fect the accuracy of the estimate. The fact that there is some finite probability of 
the reentry flight not proceeding as planned has made the first approach - no track- 
ing o r  communication with the spacecraft at any time during reentry - unacceptable 
to most people concerned with the problem. On the other hand, the economics of an 
approach aimed at providing continuous coverage from reentry to landing appears 
prohibitive, at least for the longer reentry path lengths that a r e  possible. 

A compromise between the two extremes that seems reasonable at this stage 
is to provide coverage to do the following: 

1. Give an indication of whether the trajectory being flown is one of the two 
"nominal" modes - ballistic lob o r  constant altitude - or is the emergency 
back-up mode. 

2. If the trajectory is one of the nominal modes, verify that either it is or is 
not progressing approximately as expected, and estimate the landing point. 

3 .  If the emergency mode is detected, track the spacecraft during enough of 
its descent to establish a good prediction of its landing point. 

4. Communicate with the spacecraft to the extent permitted by reentry plasma 
effects and by the visibility limits of the stations providing the tracking 
coverage to accomplish 1 through 3 .  

What constitutes a "good" prediction in item 3 is open to debate. Examination 
of the final descent portions of the altitude profiles for a 1000-mile reentry in Fig- 
u re  4-11 suggests that, if tracking could be done until the spacecraft reaches 
150,000-feet altitude, the landing point should be predictable within a few miles. 
These profiles apply specifically to  nominal trajectories. However , it seems rea- 
sonable that the profile of an emergency mode reentry would not differ drastically 
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f rom that of a 1000-mile nominal reentry trajectory, since the latter is understood 
to be near the minimum range considered allowable within g-force limits, and the 
emergency mode is also considered to be planned for minimum range with g-force 
limits. 

The discussion of reentry flight profiles in the section entitled, Reentry Alti- 
tude Profiles, has brought out two points that are particularly significant in decid- 
ing where C&T stations ought to be located along the reentry trajectories to accom- 
plish the general and specific objectives stated above. The f i r s t  point is that there 
is expected to be negligible lateral maneuver between the 400,000-foot reentry point 
and the trough of the initial descent. Thus, the coordinates of the trajectory prior 
to the trough region should be quite accurately predictable from knowledge of the 
reentry point coordinates and the reentry flight path angle (both of which are pre- 
sumed to be accurately known from pre-reentry tracking data). The second point 
made was that the selection among the three flight modes - nominal ballistic lob, 
nominal constant altitude, or emergency mode - should become apparent shortly 
after the trough is reached. These considerations lead to the conclusion that it is 
important to be able to s t a r t  tracking the spacecraft near the bottom of the trough. 
The fact that there is no definable trough for some of the shorter-range reentries 
does not alter the desirability of tracking after the initial descent segment, since 
the choice between the nominal constant-altitude and the emergency mode presum- 
ably is still available in these cases. 

A station that is located properly downrange from the trough to begin tracking 
when the spacecraft reaches the trough will be in a position to observe about 500 
miles of trajectory (more, if  a ballistic lob trajectory is flown). This should be 
adequate to determine whether a nominal or emergency trajectory has been chosen, 
and whether or not it appears to be progressing normally. If the emergency mode 
is adopted after the initial descent, the station will also be in a position to track the 
spacecraft through a substantial part of its remaining flight. 

Whether or not communication with the spacecraft during the visibility interval 
will be possible using the station location concept just described will depend largely 
upon plasma effects. Quantitative estimates which have been made of plasma phe- 
nomena appropriate to an Apollo-type reentry have not yet had experimental verifi- 
cation (References 6, 7, and 8). However, there is reason to believe that all com- 
munication signal frequencies thus far planned for the CM will be blacked out during 
the initial reentry descent and for some time after the trough is reached. In the 
case of the constant-altitude and emergency flight modes, the blackout may persist  
through most or all of the visibility region of a station located as suggested. Thus, 
under the present concepts of reentry trajectories, it seems that the assumption 
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must be made that communication with the spacecraft may o r  may not be avaiiabie, 
and operational system planning should proceed accordingly. 

The following discussion of coverage for specific reentry trajectories is con- 
cerned only with station locations selected to observe the region immediately after 
the initial reentry descent to about 200,000 feet. There is no clear basis at this 
time for requiring that further coverage be provided along the trajectory path, ex- 
cept near the final stages of the spacecraft's descent to the landing point. It wi l l  be 
assumed here that adequate coverage in this region is provided by recovery forces. 

COVERAGE OFREENTRYTRACKS 

In contrast with the pre-reentry tracks discussed in Section 3, the method of 
deriving reentry tracks does not include means for calculating related altitude and 
time data. These parameters are given in the series of reentry altitude profiles 
described above. However, the great variability in these profiles makes it imprac- 
tical to include altitude and time information analytically in the reentry ground track 
computations. A s  a consequence, it is also impractical to calculate visibility limits 
for specific ground stations along each trajectory. To fill this gap in a limited way, 
a somewhat pessimistic approach was used here which assumes that the minimum 
reentry altitude over the major portion of a track governs station visibility. This 
minimum altitude is taken as 200,000 feet, corresponding to a visibility circle of 
approximately 260 nm radius at a masking angle of 5". 

Coverage by Land Stations 

Coverage circles of 260 nm radius are shown on Figures 4-1 through 4-6 for 
a number of land C&T station locations. The stations included are those assumed 
in Section 2. 

It is immediately obvious from these illustrations that the reentry coverage 
offered by the assumed set of land stations could not satisfy the coverage objectives 
stated earlier unless limits were imposed on Apollo missions in terms of trajectory 
inclination angles and days when missions are conducted. For all landing sites stud- 
ied, except possibly Antigua, the limits required would restrict  mission flexibility 
to an intolerable extent. Referring to the Antigua case (see Figure 4-6), it is notable 
L!at those trajectories that have isclication angles between about 30" to 40", 2nd 
approach Antigua from the northeast, fall within the visibility limits of a number of 
existing stations. Within these inclination angle limits, return trajectories could 
be accommodated for about three to four days before and after SL - a total spread 
of about seven days. This may o r  may not be a sufficient spread to be interesting 
from an Apollo mission planning viewpoint; the purpose here is only to  point out the 
fact that significant coverage by land stations is possible for  this landing site if cer-  
tain mission restrictions can be imposed. 
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The meager coverage generally provided by the land stations assumed for 
this study, together with the fact that a vast percentage of the reentry trajectories 
shown on the illustrations pass  over water areas, has suggested that consideration 
be given to the use of ships. 

Coverage by Ships 

Ship coverage has been analyzed only for the five Pacific Ocean landing sites 
assumed in this study. However, the general concepts of ship deployment discussed 
below would apply as well to coverage for landings at Woomera, San Antonio, o r  
Antigua. It is quite conceivable that any ships stationed in the Indian Ocean for the 
injection phase could be re-deployed to provide reentry coverage for a Woomera 
landing as well. 

In line with objectives stated in Objectives for Reentry Coverage, the principal 
coverage need is believed to start at the time the initial reentry trough is reached. 
Since the location of this trough can vary over a wide area as a function of the day 
of the month and the trajectory inclination angle with respect to the equator, it fol- 
lows that the optimum location of a ship to start tracking at the reentry trough will 
also vary. Given a specified day and trajectory inclination, the trough can vary 
further from about 400 to 900 miles downtrack from the initial reentry point, depend- 
ing upon the reentry flight path angle. (See the altitude profiles, Figure 4-7.) A 
500-mile figure (corresponding to the nominal reentry flight path angle of -6.4" used 
in generating the ground tracks) is used in this reentry analysis. The effect of de- 
viations from this nominal value is discussed in the next section. Since the mini- 
mum altitude of the spacecraft at the bottom of the trough is about 200,000 feet, the 
radius of coverage of the ship will be about 260 miles, the same as that of the land 
stations assumed earlier. Thus, the ship should be located no more than 260 miles 
downrange from the bottom of the trough o r  760 miles from the reentry point. 

Figure 4-12 shows again the se t  of reentry ground tracks for the equatorial 
landing site. Also shown in a series of dashed lines, called "ship locus lines" here- 
after, along which ships should be positioned for coverage of trajectories terminat- 
ing at this site. Each of these dashed lines corresponds to a specific day of the 
month, and each intersection of a ground track with one of these lines is 760 miles 
downrange from the reentry point for that same track. The 4500-mile boundary at 
the left indicates the farthest position of the reentry trough from the landing site, 
corresponding to a 5000-mile reentry range and the nominal -6.4" reentry flight 
path angle. The 4240-mile boundary indicates the farthest distance of the ship from 
the landing point required in order to begin tracking when the spacecraft reaches 
the trough of the longest range trajectories. 
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i. Coverage Required for Nominai Day Oniy. The extent of coverage aiong 
any ship locus line that can be provided by one ship depends on how long before re -  
entry the ship is informed of the position it is to occupy, how fast it can move, and 
whether or  not coverage must be planned for more than the nominal day of landing. 
Let it be assumed initially that coverage must be planned to accommodate only a 
nominal landing date, which presumably will be known on the day that a mission 
starts. (The requirements for covering a spread of landing times will be considered 
later. ) The appropriate locus line along which a ship should be positioned initially 
will then also b'e known on the day of launch. The nominal reentry point coordinates 
will  be determined no later than the time of trans-Earth injection. Thus, the de- 
sired position for the ship along the locus line will be determined at that time as 
well. By the fourth assumption on page 1-3 in Section 1, this will be known at least 
60 hours prior to reentry, and so the ship wil l  have that much time, or  more, to 
move from its initial position to the final desired position along the locus line indi- 
cated at the time of trans-Earth injection. 

A major assumption that must still be made is the speed at  which the ship can 
move. This will be taken as 10 knots, recognizing that higher speeds probably will  
be possible, but that some margin is desirable to allow fo r  less  than ideal steaming 
conditions and for somewhat greater distances that might have to be covered for re- 
entry cases other than the nominal variety considered here. Assuming, then, that 
10 knots can be maintained over the spacecraft's 60-hour minimum return flight 
time, the ship can move as much a s  600 miles in any direction from its initial posi- 
tion on the ship locus line. Thus, one ship is restricted to 1200 miles of locus 
length in order to be in a position to track the spacecraft during an overhead pass. 
Some additional allowance might be made for trajectories passing to either side of 
the ship; however, the visibility times for passes directly overhead will be only of 
the order of two to three minutes, and the further reduction that would be entailed 
by a pass off to one side does not seem advisable. A further reason for limiting the 
planned ship coverage to overhead passes is to provide some margin for cross-range 
maneuvering by the spacecraft, which would also tend to reduce the length of the 
trajectory falling within a ship's visibility circle. 

Given the capability to cover a total spread of 1200 miles along one of the ship 
locus lines in Figure 4-12, the important remaining question is which 1200-mile 
segment of the locus should a ship be assigned to cover. It appears that a reasonable 
objective to adopt for this analysis is to cover the greatest possible spread of tra- 
jectory inclinations on any given day. (Ultimately, as constraints on mission dates, 
lunar parking orbit inclination and orientation, fuel budget, etc., are fully under- 
stood, it may be possible to limit the required coverage to specified portions of the 
ship loci. ) 
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From the various reentry maps presented thus far, it is clear that the greatest 
spread of inclination angles is always found toward the eastern boundaries of the 
tracks for a given day, that is, the region of highest inclination angles. Thus, if 
only one ship were available, it should be located initially on the ship locus line for 
a specified day at a point 600 miles from the easternmost end of that line. It will 
then be able to travel as much as 600 miles in either direction along the locus line 
to reach a trajectory specified at the time of departure from the Moon. If the speci- 
fied trajectory crosses the ship locus line farther west than 600 miles from the ini- 
tial ship position, that ship will not be able to provide coverage (unless, of course, 
the flight time is greater than 60 hours or the ship can move faster than 10 knots). 

If a second ship is available, it should initially be located no more than 600 
miles west of the westernmost coverage provided by the f i r s t  ship; a third ship 
should be similarly located no more than 600 miles west of the westernmost cover- 
age of the second ship, etc. 

Figure 4-12 illustrates the above strategy. The X ' s  along each dashed line 
indicate the desired initial positions for ships. The limits of the coverage provided 
by ships #1, #2, and #3 for the following three illustrative days a r e  also indicated: 

1. On NL f 6, ships #1, #2, and #3 each cover 1200 miles along the locus 
line. The third ship does not quite reach out to the maximum limit of the 
reentry trough boundary, but for all  practical purposes the gap is negligi- 
ble. Although each ship covers 1200 miles along the ship locus line, there 
a r e  wide differences in  the spread of inclination angles covered by each. 
Ship #1 covers the spread from 12" to 40",  ship #2 from 7 . 5 "  to 12", and 
ship #3 from 6" to 7 . 5 " .  

2.  On NL f 4 ,  ship #1 covers 24" to 40",  ship #2 covers 18" to 24", and ship 
#3 adds coverage only from about 17 .5"  to 18". 

3.  On NL * 2 ,  ship #1 covers 29" to  40", ship #2 adds 27" to 29", and ship 
#3 is of no value. 

Figure 4-13 lists the total spread of inclination angles available each day for 
an equatorial landing site and the coverage offered by each of three ships deployed 
as described above. It is apparent that one ship alone can provide a very high per- 
centage of the total possible coverage when the criterion for such coverage is to po- 
sition ships so that they cover the greatest spread of inclination angles on the nom- 
inal landing day. A second ship can cover an additional 10% to 25% of the possible 
trajectories, depending on the day of the month, while a third ship adds coverage 
for only a few percent of the trajectories on certain days of the month. 
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Figures 4-i4 ana 4 - 1 5  provide similar data for the -10" latitude site near 
Samoa and the +20" site near Hawaii. In developing these charts, consideration 
was given to the fact that the reentry points and required station positions for many 
of the days near NL fall on land masses, particularly Australia (see Figures 4-2 
and 4-3). The regions blocked by such land masses (relatively small islands were 
ignored) a r e  indicated by dashed-line segments in the bar charts. 

A feature noted in Figures 4-2 and 4-3, that does not appear in the equatorial 
site case, is the trend of the inclination angles on certain days. Refer to NL f 4 
on Figure 4-2, for example. The trajectory inclination for the westernmost reentry 
point on that day is 17-1/2". Farther east, along the ship locus line, a minimum 
trajectory angle of about 17" is reached, after which the angles increase once again. 
This behavior arises from the fact that, for  some inclinations, there are two pos- 
sible reentry points within the limiting ranges of 1200 to 5000 miles, as discussed 
in the section entitled, Reentry Ground Tracks. Such cases  a r e  noted in the ship 
coverage illustrations by a bar entry for ship #3 beginning at a higher inclination 
angle than the minimum for ship #2. 

Another feature notable in Figure 4-14, and in all subsequent illustrations 
involving sites at 10" latitude, is the maximum inclination angle of 25" on days 
NL f 5, whereas for other days the maximum is 40". The explanation is that the 
reentry ranges for trajectories with inclinations between 25" and 40" are slightly 
l e s s  than 1200 miles (see Figure 4-2), hence inadmissible by one of our assump- 
tions. In all practicality, the difference is so  small that it is probably insignificant, 
but it has nevertheless been recognized for the sake of consistency. 

The general conclusions reached with regard to the value of 1, 2, and 3 track- 
ing ships in the equatorial landing case apply as well to the Samoa site at -10" lati- 
tude and to the Hawaii site at +20" latitude. That is, one ship alone covers a high 
percentage of the total possible trajectories, a second ship covers 10% to 25% of the 
possible trajectories on some days, and a third ship adds coverage for only a few 
percent of the trajectories on certain days. 

2. Coverage For Landings on Nominal Day, One Day Earlier,  or One Day 
Later. The criterion assumed for the ship coverage capabilities analyzed above has 
been that landings would occur on only one designated day of the month. A s  a prac- 
t ical  matter, some spread of possible landing t imes probably must be anticipated. 
At  minimum, it may be necessary to require the spacecraft to orbit the Moon for 
some time after the CM-LEM rendezvous in order to time the return trajectory 
properly for a landing a t  a designated point on the Earth. Further contingencies that 
should be admitted include the possibility of returning from the Moon after a few or-  
bits (without a landing having been made) and the possibility of a lunar exploration 
phase longer than the one-day period generally taken as nominal. 
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Such potential variations in the nominal mission profile indicate that a spread 
of reentry times of about 24 hours before and after a nominal reentry time is worth 
considering. Given the objective of accommodating landings for a nominal day, one 
day earlier, or one day later, the coverage capabilities of ships can be expected to 
differ from the results presented in the previous paragraphs. The implications of 
such an objective will be examined here. 

Another change of a practical nature will be included in the following analysis. 
The previous ship coverage data have been generated by considering each landing 
site separately. In the case of the equatorial site, this is reasonable and the same 
approach will be followed again for that site. However, the discussion to this point 
has demonstrated that mission flexibility, in t e rms  of allowable days and/or return 
trajectory inclinations, suffers increasingly as the landing site is moved to higher 
latitudes. Thus, it is desirable to consider two sites, one above and the other be- 
low the equator, as a pair intended to accommodate landings at different times dur- 
ing a month. On any particular day, the site offering the largest spread of return 
trajectory inclinations would generally be picked, that is, if the criterion adopted 
earlier for analyzing ship coverage is reasonably valid. 

In addition to a single site on the equator, then, this analysis has considered 
two pairs of landing sites: (1) the sites near Samoa and Hawaii, illustrated in Fig- 
u re s  4-2 and 4-3; and (2) sites at +lo" and -10" latitude, both at 130"W longitude. 
The choice of latitude for the latter pair was made to illustrate a case somewhat 
intermediate to that of the equatorial and paired Hawaii-Samoa cases  (although the 
Samoa site has also been assumed at -10" latitude). The longitude of 130" was se- 
lected to have the reentry trajectories avoid large land masses, and thus allow un- 
restricted ship movement for C&T coverage purposes. 

Assumptions with regard to tracking objectives, desired ship locations to cover 
a given reentry trajectory, ship speed, etc., are the same here as they were for the 
previous analysis of coverage for separate sites and nominal landing days. One ad- 
ditional objective will be adopted, however; coverage provided by the ships (whether 
1, 2, or  3 ships a r e  involved) should leave no gap in the spread of inclination angles 
between the maximum (40") and the minimum that can be covered by the ships on 
each of the three days. The basis for this objective is an assumption that the flexi- 
bility offered by a wide spread of trajectory inclination angles is just as important 
for landings on a day before or after a nominal date as  on the nominal date itself. 

Figure 4-16 indicates the desired ship deployment for the equatorial site. 
The ground tracks, ship position loci, maximum range boundary, etc., are the same 
as in Figure 4-12. The two-part arrows along each dashed line indicate ship posi- 
tions and direction of movement to cover landings on three successive days of pos- 
sible spacecraft departure from the Moon. The middle of the arrow in each case 
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fails on the ship position locus line for the nominal day in the three-day spread. 
The ship should be at that position if the spacecraft leaves the Moon at the nominal 
time. The X at the foot of each arrow represents the position that the ship should 
occupy initally to provide coverage for departures one day earlier, while the head 
of the arrow indicates the position it should occupy if departure occurs one day later 
than the nominal day. 

To illustrate the deployment strategy in more detail, refer to the indicated PO- 
sitions and movement of ship #1 for a nominal departure a t  NL + 5. Initially, on 
NL + 4, this ship should be at position a. If the spacecraft leaves the Moon on that 
day (i.e., one day earlier than planned), the ship can travel at least 600 miles during 
the return flight time and reach any point along the NL + 4 locus within the 600-mile 
arc drawn about position a. Note that the coverage provided by ship #1 is relatively 
inefficient for that day; this is part of the penalty paid for requiring coverage of 
more than the nominal day. 

A s  soon as it becomes known that the spacecraft wil l  not leave the Moon at 
the earliest opportunity on NL + 4, ship #1 should begin steaming toward position b 
on the NL + 5 locus line. The distance between a and b is 240 miles, which can be 
traversed in 24 hours at a speed of 10 knots. If the spacecraft leaves the Moon at 
the nominal time on NL + 5, the ship can then steam along the locus for that day in 
either direction to cover trajectory inclinations as far west as 600 miles or  as far 
east as the limiting 40" trajectory. The distance from point b to the 40" trajectory 
inclination is less than 600 miles on most of the nominal days, another compromise 
imposed by the requirement to cover a three-day spread of landing times. 

If the spacecraft does not depart f rom the Moon on the nominal day, the ship 
should begin steaming toward the position c a t  the head of the arrow. Again, this 
is 240 miles from position b and can be reached in 24 hours. From this point, the 
ship can steam an additional 600 miles during the trans-Earth flight t ime to reach ' 
any point along the NL + 6 ship locus line within the 600-mile a r c  drawn around point 
c. Note that this a r c  just reaches the intersection between the NL + 6 locus and the 
40"  trajectory. This is the point which largely governs the entire positioning of 
ship #1 as described. Similarly, the westernmost intersection of the 600-mile a r c  
around position c and the NL + 6 locus governs the position of ship #2, and the inter- 
section or̂  the similar a r c  around position c for ship #2 governs the positioning of 
ship #3. As the ships move northward to the SL days, the requirement of covering 
the day prior to the nominal day of departure becomes the controlling feature of the 
strategy . 

After the SL day is reached, the indicated movement of the ships i s  exactly 
reversed. The head of each arrow on the illustration now becomes the tail and in- 
dicates the desired position of the ship one day earlier than the nominal day of 
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departure. Similarly, the foot of the arrow becomes the head and represents the 
desired ship position one day later than a nominal departure date. 

The resultant spread of trajectory inclination angles covered by each of three 
ships has been compiled in Figure 4-17. Only the data for the NL half of the month 
are presented for this site, since the data for the SL half are symmetrical. (Only 
the results for  the northward movement of the ship complex are given in the chart 
to avoid making the illustration too complex to read. ) A s  implied in the previous 
paragraph, the results for any given "nominal" day after SL for southward move- 
ment of the ships would be identical to the results for the same nominal day before 
SL in the northward progression. The results for one day earlier than the nominal 
date in the southward progression would be identical to those for one day later than 
nominal in the northward progression, and vice versa. 

It may be worth noting that the coverage provided by ship #1 does not depend 
on the availability of ships #2 and #3. Similarly, if  the #1 and #2 ships are avail- 
able, their capabilities are as indicated, independent of whether or not the third ship 
is provided. 

Figure 4-18 illustrates the coverage for the pair of si tes a t  *lo" latitude. It 
can be observed on Figure 4-18 that the ship locus lines for the two landing sites on 
the "Node" day cover identical spreads of longitude and a r e  separated by only a few 
degrees of latitude. Thus, it becomes a natural point of transition to consider land- 
ings at the -10" si te on days from NL to the Node, and at the +lo" si te on days from 
the Node to SL. The two-part arrows again indicate positions and movement of ships 
throughout the month, and the resultant coverage is indicated in Figure 4-19. 

Figures 4-20 and 4-21 present the same type of information for the Samoa and 
Hawaii si tes considered as a pair. In this case, the transition from one landing 
site to the other was  made between the NL * 6 days for Samoa landings and the Node 
for an Hawaii landing. A slightly greater spread of inclination angles could be 
covered on some days by making the transfer between the Node day of the Samoa set 
and the SL f 6 days of the Hawaii set. However, the ship deployment strategy be- 
comes more complicated when this is done. 

Examination of Figures 4-17, 4-19, and 4-21 indicates that the relative values 
of 1, 2, and 3 ships are about the same as they were in the case of coverage for 
nominal days only. One ship alone can cover a high percentage of the permissible 
trajectory inclinations on each day. If the overlapping coverages of the f i r s t  and 
second ships are  ignored, the coverage provided by the second ship beyond that of 
the f i r s t  is a maximum of about 7-1/2" (out of a total available spread of 29-1/2"), 
occurring on the Node day for the pair of f 10" latitude sites. On most day, the ad- 
ditional spread of inclination angles covered by ship #2 is on the order of 2 to 5". 
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Ship #3, as before, adds coverage for only a few degrees of trajectory inclination 
even though it covers substantial distances along the ship locus lines. 

Apart from the coverage capabilities provided by each ship on a specified day, 
a question arises as to the ability of a ship to move from its designated initial posi- 
tion for one nominal day of landing to its designated initial position for another nom- 
inal day of landing. Such movement would be required in the event of launch delays 
from day to day, Reference to Figures 4-16, 4-18, and 4-20 indicates that the 
greatest separation between ship positions specified from one day to the next occurs 
for days near the Node of the Moon's orbit, and toward the easternmost region of the 
reentry tracks. The greatest separation encountered is approximately 600 miles. 
Let it be assumed that a reentry tracking ship is at its specified initial position on 
the day planned for an Apollo launch. This will be nominally about seven days be- 
fore a return landing is expected. Next, suppose that the launch is held one day. 
The ship now has at least four days - the one-day launch delay, plus three days for 
the trans-Lunar flight - to travel to the position it should be occupying when the 
spacecraft has its f i r s t  opportunity to leave the Moon. (If the mission proceeds 
nominally after the delayed launch, there will be the additional time of the lunar or-  
bit and landing available for further ship movement.) During these four days, the 
ship's speed of 10 knots allows it to travel as much as 960 miles, so  that it can 
easily accomplish the necessary move. 

If the launch were held for several days in succession, the required ship 
movement could be more than permitted by a speed of 10 knots, unless some of the 
delay is "anticipated" in the initial positioning of the ship. Thus, the ship location 
on the first possible day of launch might be chosen a s  much as three days travel 
time ahead of the position it should occupy for the initially-planned nominal day of 
spacecraft departure from the Moon. Then, if the launch is - not delayed, the ship 
can move to its designated position within the 72-hour trans-lunar flight time. 

An analysis of the required ship movement from day to day to compensate for 
launch holds has been made, taking into account the time available for such move- 
ment, the distances between desired ship positions on successive days, and assum- 
ing the ship adopts a "leading" strategy as described above. The analysis indicates 
that launch delays at least as long as six days could be accommodated. Such a 
spread of launch opportunities for any one mission is probably greater than would 
be allowed by other considerations. 

Effects on C&T Coverage of Variations in Nominal Parameters 

The entire ship coverage analysis for the reentry phase has thus far been 
based on assumptions of "nominal" values for certain parameters. It is pertinent 
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io consider. iiow surne of 'uie effects on ship coverage capabilities d variations from, 
nominal values for the following: 

1. Trans-Earth time of flight 

2. Reentry flight path angle 

3. Antenna masking angle 

The minimum trans-Earth flight time has been taken as 60 hours, and all ship 
deployment strategy has been based on this value. By assumption 4 on page 1-3, 
the flight time might be as long a s  110 hours. Any variation in flight time affects 
the coordinates of the reentry point. If two different flight times are considered 
(for the same reentry flight path angle), the trajectory for the longer time will sweep 
over a slightly greater angle with respect to a line between the Earth and the Moon 
than wil l  the shorter time of flight. Both the additional time of flight and the change 
in sweep angle would have to be taken into account in timing the departure from the 
Moon to permit landing at a designated site on the Earth. However, from the stand- 
point of reentry coverage, the reentry point must still fall within 1200 to 5000 miles 
f rom the landing point. Therefore, the qualitative effect of a longer flight time alone 
on ship coverage for reentry tracking is to allow more time for ship movement than 
was allowed in the foregoing analysis. 

A change in flight time may or may not be accompanied by a change in reentry 
flight path angle. For a fixed time of flight, a change in reentry flight path angle 
will be accompanied by a change in trajectory sweep angle, and hence also a change 
in the location of the reentry point. The change in reentry point is rather small  - 
on the order of 2', o r  120 nm - as the reentry angle is varied from the nominal 
value of -6 .4"  to either extreme of -5 .4"  or -7 .4" .  Relative to a set of reentry 
trajectories for a -6 .4"  reentry angle, such as those illustrated in Figures 4-1  
through 4-6, the general effect of a steeper reentry ( -7.4')  is to cause the reentry 
points to fall about 120 miles farther from the landing point. (If a -6 .4 " reentry 
point is already at the 5000-mile maximum range limit, then the reentry point for 
a steeper angle would be outside that limit and would represent an inadmissible con- 
dition by the assumption previously stated. ) Along with the movement of the reentry 
point farther from the landing point, the distance between the reentry point and the 
trough of the reentry trajectory also narrows by about 100 miles (see Figure 4-7). 
Thus, the position of a ship that is to begin tracking the spacecraft when it reaches 
the trough of a - 7 . 4 "  reentry trajectory should generally be about 220 miles farther 
f rom the landing point than for  a -6 .4"  reentry. The approximate net effect on the 
ship deployment strategy, if it is required that a spread in reentry flight path angle 
f rom -6 .4"  to - 7 . 4 "  be accommodated, would be to decrease slightly the spread of 
trajectory inclination angles that can be covered by each ship. 
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The effect of shallower reentry angles is more pronounced. Again, for a fixed 
time of flight, the change in the reentry point itself in varying the reentry angle from 
-6.4" to -5.4" is about 120 miles (in this case toward the landing site). In addition, 
the distance between the reentry point and the rather poorly-defined trough fo r  a 
-5.4" reentry trajectory is about 900 miles, or about 400 miles more than that of 
the -6.4" reentry case (see Figure 4-7 again). If a ship were stationed 260 miles 
f rom this trough toward the landing site, as assumed in the ship coverage analysis, 
the indicated position would be 1160 miles from the reentry point, and about 520 
miles closer to the landing point than its indicated position for a -6.4" reentry. 
This may seem like a severe handicap in ship deployment and it might mean that the 
criteria for ship location and movement would have to be modified for shallower re- 
entry angles. However, the specific effect on initial ship positioning and ship move- 
ment strategy will not be apparent until the quantitative relationships between - and 
constraints on - time of flight, reentry flight path angle, etc. ,  are better understood. 

It is worth noting one factor that tends to make the specific results of this ship 
coverage analysis, in te rms  of numbers of ships required and the coverage provided 
by each, insensitive to the possible variations in trajectory parameters  just dis- 
cussed. In stating assumption 4, page 1-3, concerning t r a n s E a r t h  time of flight, 
it was indicated that the minimum value of 60 hours used in this work is likely to be 
increased as Apollo mission plans materialize. Any such increase would allow more 
time for ship movement to compensate for the spreading of reentry points, resulting 
from variations in trajectory parameters.  

With regard to antenna masking angle, it is perhaps enough to cite the experi- 
ences of Project Mercury as a basis for assuming that 5" masking is a reasonable 
criterion for defining visibility limits for tracking purposes, but is overly 
conservative for communication purposes. Thus, plasma effects permitting, com- 
munication should be possib!e at ranges greater than the 260-mile limit adopted for 
the tracking coverage analysis. If communication is assumed possible for all vis- 
ibility angles above the local horizon at a land or ship station, the range capability 
would be about 480 miles with the spacecraft at 200,000 feet. 

Effect on C&T Coverage of Variation in Landing Point Location 

For reasons of mission flexibility, it may be desirable to select Apollo landing 
points from a relatively large geographical area located near the nominal landing 
point, e. g., Hawaii o r  Samoa. The effect on the strategy of ship deployment when 
continuous variation in landing point location is allowed has not been examined. 
However, certain observations can be made. 

If the landing point is varied only in longitude, the desired positions for a re -  
entry tracking ship shift by the same amount and in the same direction that the landing 
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point is shiitea. The size and shape oi t i e  region requiring coverage remain un- 
changed. This is evident from the fact that the sets of reentry tracks to all sites 
at the same latitude are identical; hence the relative positioning of a ship with re- 
spect to a reentry point or to the landing point is the same for all such sets of 
tracks. 

Changes in the latitude of the landing site affect both the locations of the indi- 
vidual ship positions relative to each other and the overall shape of the region re- 
quiring reentry coverage for the particular landing site. Figure 4-22 illustrates 
the effect on individual ship positions and contours for landings at 20"N, 10"N, and 
on the equator, all at the same longitude. Four nominal landing days are chosen 
for illustration. The contours represent loci of desired ship positions on those days. 
(These loci are redrawn from previous illustrations employed in the ship coverage 
analysis. ) Various trajectory inclinations are noted along the contours. Desired 
positions for ships to cover those trajectories if the same objectives are adopted 
as in the earlier ship coverage analysis are shown by X's. 

Comparison of the indicated ship positions along the curves for a selected day 
of the month and for the three different landing site latitudes gives an idea of the 
amount of ship movement that would be necessary to accommodate the change in 
latitude. To a first approximation, the amount of ship movement appears to be 
about the same as the shift in the landing point; i. e., a shift in latitude of 10" , or 
600 nautical miles, calls for a change in tracking ship location of that magnitude 
but probably in a different direction. Whether or not such a change in position pre- 
sents a great problem depends on when the change of landing sites is made. If it is 
made at the time of launch, ships could move the required amount during the trans- 
lunar flight. If the choice is delayed until departure from the moon, the required 
ship movement, added to that previously indicated to place a ship at the right point 
along a locus line, may exceed the capability of the ship. 

If changes in landing point are made during the course of mission planning, 
the effect on the shape of the overall region requiring reentry coverage must be 
considered. Figures 4-16, 4-18, and 4-20 illustrate the overall characteristics of 
the regions containing the loci of required ship positions for landing sites at lati- 
tudes of O", 1O"S, and 20"N. The ability of ships to provide coverage in each of 
these regions has been demonstrated. Since the ship coverage capabilities for these 
individual areas were found to be generally similar, the same general results should 
apply for landing sites with latitudes anywhere in the range of 0" to 20°, and very 
probably to higher latitudes as well. 

The results of this study should, therefore, be applicable when, in the course 
of mission planning, landing s i tes  with specific latitudes different from those dis- 
cussed in this report a r e  considered. 
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C&T INSTRUMENTATION REQUIREMENTS FOR SHIPS 

The following paragraphs discuss in general terms the instrumentation re- 
quirements for ships during the reentry phase. Emphasis is on the major communi- 
cation and tracking functions that a ship should be able to perform. Desired trans- 
mission range is also considered. 

One of the principal factors which will influence what a ship can accomplish 
during the reentry phase is the reentry plasma phenomenon. Because of i t s  signifi- 
cance to planning and instrumentation of a shipboard tracking and communication 
installation, this phenomenon is discussed first. 

Reentry Plasma Effects 

The plasma sheath generated by the passage of the Apollo CM through the 
earth 's  atmosphere wi l l  present communication problems of a magnitude not en- 
countered to date in any space program. Any attempt to communicate through the 
plasma sheath will encounter signal reflection, attenuation, and polarization shift, 
atmospheric voltage breakdown between the sheath and the antenna, antenna mis- 
match due to the presence of the plasma, and noise generated by the plasma. 

Present techniques used to estimate the magnitude of these effects a r e  not 
validly applicable to an Apollo reentry. Most background work has been done with 
reference to missile nose cones at relatively low velocities and at zero angle of 
attack with reference to the vehicle body axis. The aerodynamic flow field of the 
Apollo vehicle will be asymmetric about all axes, because the CM will enter the 
atmosphere heat shield f i r s t  with an angle of attack of about 35".  This is likely to 
generate an inhomogenous flow field with air flow separated from the afterbody of 
the CM and with turbulence effects present. To specify the plasma parameters which 
control the propagation of an electromagnetic wave at the antenna station, it is nec- 
essary to know the history of the flow field from the leading point of the shock wave 
to the line of sight from the vehicle antenna to the ground station. The non- 
equilibrium chemical kinetics of the flow field must be known to adequately specify 
the plasma parameters along the Apollo reentry trajectory. 

Plasma research groups to date have not attempted predictions of total effec- 
tive attenuation but have predicted "total blackout'' regions where no propagation 
through the plasma is possible. This "step function" assumption appears to be rea- 
sonable for Apollo reentries since the depth of the plasma sheath and the high ve- 
hicle velocity indicate that the length of the transition region (from low attenuation 
to very high attenuation) will be quite short. 
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There seems to be general agreement among those who have attempted to pre- 
dict reentry plasma effects that severe attenuation of VHF, S band, and C band* 
frequencies can be expected beginning shortly after the CM reaches 400,000 feet 
altitude, and continuing at least until the spacecraft velocity slows to about 25,000 
feet per second at an altitude near 200,000 feet. (See, for example, References 
6, 7, and 8.) If the spacecraft, after its initial descent, enters a ballistic lob tra- 
jectory which carr ies  it back up above 300,000 feet, indications are that C-band, 
S-band, and VHF frequencies will become useful again, in that order. During the 
final descent in such a trajectory, VHF would be blacked out for a substantial in- 
terval, S-band for a shorter interval, and C-band might be useful throughout the 
descent. There does not appear to be enough experience to place much confidence 
in numerical values for these estimates , however. 

If a nominal constant-altitude reentry trajectory or an emergency mode tra- 
jectory is flown, it i s  fairly certain that VHF frequencies will be blacked out through 
most of the trajectory, and S band through a large portion. C band should be use- 
ful once the velocity has slowed to the region of 20,000-25,000 feet per second. 

These qualitative estimates of the effects of reentry plasma apply on the as- 
sumption that nothing is done to reduce signal attenuation. Recent experimental 
programs indicate some success in reducing signal attenuation by injecting water 
into the plasma (Reference 9). Generation of a magnetic field in the region of the 
plasma may also prove effective (Reference 10). Further tests with high-velocity, 
Apollo-type vehicles a r e  necessary before predictions can be made regarding the 
applicability of such techniques to an Apollo reentry. Even though the techniques 
ultimately may prove feasible, it is questionable whether they can be developed and 
adequately tested in time for the earliest Apollo lunar mission. 

In summary, it appears that Apollo communication and beacon signals must 
be assumed to be blacked out for a major portion of many of the possible reentry 
flight trajectories. Tracking must be planned as ionization sheath tracking at least 
from the reentry point until some time after the trough is reached; beacon tracking 
should be possible a t  some time during a ballistic lob trajectory. The VHF and 
S-band frequencies now planned for the Apollo spacecraft may or may not be useful 
before the final stages of descent, depending on the trajectory flown. The net re- 
sult of these considerations is that shipboard instrumentation should be planned to 

*Throughout this section, the te rm C band is used to refer to the spectrum between 
5400 and 5900 Mc, which includes the operational bands of FPS-16 and FPQ-6 
radars.  The term S band is intended specifically to apply to the bands 2110 to 
2120 Mc and 2290 to 2300 Mc, which are the ground station transmit and receive 
frequencies, respectively, for  which the Apollo unified tracking and communica- 
tion system is being developed. 
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operational planning should allow for the possibility that they may not exist. 

Functional Requirements for Tracking and Communication With Spacecraft 

An important assumption that will be adopted is that the spacecraft equipment - 
particularly with regard to radio frequencies used - will be as current develop- 
ments indicate. As we understand these developments, the CM will have a VHF 
communication system, a unified S-band tracking beacon and communication s y s -  
tem, and a C-band tracking beacon. 

The reentry plasma effects discussed in the previous section, together with 
other factors that a r e  referred to shortly, indicate that reentry coverage ships ought 
to be capable of three modes of tracking. These are: (1)  plasma sheath tracking, 
using C-band radar;  (2) C-band transponder tracking; and (3) S-band transponder 
tracking. 

Even optimistic estimates of plasma attenuation indicate that transponder 
tracking at C-band and S-band frequencies will be ineffective at least to the time that 
the spacecraft velocity has slowed to a near-orbital value. For those trajectories 
during which the spacecraft altitude does not increase significantly after orbital 
velocity is reached, severe signal attenuation may continue through much of the re- 
entry trajectory. Thus, while sheath tracking is not expected to be as accurate as 
transponder tracking, it must be counted on to provide an earlier capability; under 
some circumstances, it may provide the only significant tracking capability during 
most of the reentry flight. 

The practical reason for indicating that the radar performing sheath tracking 
should employ C-band rather than S-band frequencies is that the same basic radar 
equipment can also be used to track the C-band transponder if and when transmission 
conditions permit. C-band radars  of the types commonly found at NASA range sta- 
tions today are designed to operate in either the skin tracking (one-frequency) or 
beacon tracking (two-frequency) mode. In contrast, the Apollo S-band unified track- 
ing and communication system, a s  it i s  now being developed for ground stations, 
could not perform sheath tracking since it is designed as a two-frequency system 
with tracking at the spacecraft transponder frequency as  an integral feature. Fur- 
thermore, the C-band system will have a distinct advantage because its higher fre- 
quency will allow earlier transmission through the plasma. 

In view of the advantages of C-band over S-band tracking during reentry, it is 
logical to ask whether the latter capability need be provided also. The argument 
justifying S-band transponder tracking capability as well develops as follows: The 
spacecraft 's C-band transponder will have no communication capability. The S-band 
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system will have voice, telemetry, and up-data capability. Thus, it will offer the 
first possible communication capability as the plasma attenuation recedes. 

On the thesis that it wil l  be desirable to provide the capability to communicate 
with the spacecraft if plasma effects permit, the tracking ship should have a suitable 
S-band antenna, radio transmitter and receiver, and other appropriate terminal 
equipment for two-way voice, telemetry reception, and up-data transmission. The 
addition of the tracking function is believed to represent a relatively small added 
cost. A s  pointed out above, it is actually a feature which is being designed as an 
integral pa r t  of an Apollo ground station S-band terminal. Further reasons for ask- 
ing that reentry coverage ships have the S-band tracking capability are: (1) it offers 
a back-up tracking capability during those portions of the reentry trajectory when 
both C-band and S-band frequencies may be operable; and (2) spacecraft systems 
must operate from battery power supplies during the reentry phase; hence i t  may 
become important or necessary to limit transmissions from the spacecraft. If this 
is the case, the S-band system will be preferred over C-band when there is a choice, 
simply because the S-band system also offers the communication capability. Note 
that this argument does not eliminate the need for C-band radar instrumentation, 
but rather adds a requirement for S-band equipment; the earlier transponder track- 
ing capability offered by the C-band frequency is still its justification. 

The above paragraph has already indicated the principal reason for citing the 
unified S-band system as the desired communication medium during reentry: Its 
higher frequency will permit both earlier and longer communication capability than 
the alternative VHF systems. Higher spacecraft power output and more efficient 
modulation techniques used in the S-band system are further advantages. In view 
of all these factors, and noting that estimates of VHF capability indicate a very lim- 
ited period of usefulness during a reentry trajectory, VHF communication equipment 
cannot be justified for reentry coverage. 

Summarizing to this point: arguments have been advanced in support of a basic 
shipboard configuration consisting of a C-band radar operable in both conventional 
radar and transponder modes, and a unified S-band tracking and communication 
terminal offering: ranging, two-way voice, telemetry reception, and data trans- 
mission services. There appears to  be no advantage in adding VHF capability. 

Slant Range Reauirement 

The coverage concepts described earlier in Section 4, together with the reen- 
t ry  altitude profiles illustrated in Figures 4-7 through 4-11, permit an estimate of 
the maximum ranges for which the shipboard system should be planned. Apropos 
of the concept under which a ship is stationed to track the spacecraft from the time 
it reaches the minimum altitude in its initial descent until it flies beyond the horizon 
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in L!e opposite directim, Lhe maximcm slant range tracking requirement for all 

trajectories included in the charts is about 485 nm. This applies in the case of the 
steepest reentry flight path angle and a ballistic lob trajectory after the initial de- 
scent. If the ship were stationed somewhat farther downrange so that i t  could track 
the spacecraft at the peak of a ballistic lob, the range requirement would be about 
600 miles (2 db greater than 485 miles, in terms of transmission loss). 

Acquisition Requirements 

A few comments are in order concerning the problems of acquisition during 
reentry. As indicated before, sheath tracking is expected to provide the earliest 
capability as the spacecraft descends into the atmosphere and enters the field of 
visibility of the first downrange tracking ship. The signal reflected by the plasma 
will not be as strong as would be the signal from a transponder. Further, there 
may be a wake extending well behind the spacecraft, especially during the early, 
high-velocity portion of the reentry flight. In this case, the "target" would not be 
as well-defined as it would in the absence of the wake. Thus, even if the point of 
initial contact could be precisely predicted, it is unlikely that acquisition could be 
done as quickly as it could if the spacecraft's transponder were operable a t  this 
time. 

An added complication is the fact that the position of the spacecraft at the time 
of desired acquisition may not be as accurately predictable as in earlier mission 
phases where the trajectory is usually ballistic. This is due particularly to the 
lateral maneuver capability of the vehicle. An analysis of the lateral component 
associated with the particular altitude profiles illustrated in the section entitled, 
Reentry Altitude Profiles, indicates that, for nominal reentry flights, the space- 
craft  would have little or no movement to either side of the straight-in path by the 
time it reaches the trough of the initial reentry descent. Thus, for nominal reentry 
trajectories, the acquisition problem should not be very severe if a tracking ship 
is located no more than approximately 260 miles beyond the trough, toward the land- 
ing site. If the initial reentry descent is abnormal and introduces some lateral 
movement, or if the ship is located a few hundred miles farther beyond the trough 
(perhaps to provide a longer period of tracking and communication during a ballistic 
lob), the spacecraft conceivably might be as much a s  20 to 25 miles to one side of 
the straight-in path by the time it reaches the ship's horizon of visibility. In such 
a case, the ship would have to be able to scan over an azimuth sector of perhaps 
10". 

Further study is needed of possible and probable lateral maneuver capability 
as a function of the reentry range traversed to be able to indicate more closely the 
requirements for acquisition. 
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Shipboard Data Processing and Communications With IMCC 

Depending on the operational objectives that have been se t  for ships during re- 
entry, the extent of data processing facilities provided on the ship, and the role 
planned for the IMCC during reentry and recovery operations, radically different 
requirements for ship-to-IMCC communication facilities can be arrived at. An im- 
portant factor in determining the ultimate operational roles of the IMCC and the re- 
entry ships undoubtedly wil l  be the character of the ship-shore communications that 
can be assumed available in the Apollo time frame. 

Reference 11 has discussed various techniques for ship-shore communica- 
tions that might be appropriate for Apollo applications. Of the techniques consid- 
ered, it w a s  concluded that HF radio, communication satellite relay, and airborne 
relay are the only currently foreseeable possibilities worth considering. Among 
these, H F  radio is now the primary technique in use, but suffers the handicaps of 
limited bandwidth and poor propagation reliability. Communication satellites are 
likely to provide adequate bandwidth and reliability, but the time when they will be- 
come operationally available is uncertain. Airborne relay systems are technically 
feasible now and offer bandwidth and reliability intermediate to that of H F  radio 
and communication satellites; the principal problems of an airborne relay system 
appear to be logistical and operational. 

If reliable, real-time, wideband-transmission facilities are available (e. g., 
by means of either space satellite relay or airborne re lay) ,  the IMCC can expect to 
play a very active role in coordinating reentry and recovery forces, computing the 
reentry trajectory and probable landing point, communicating with the astronauts, 
etc. On the other hand, if H F  radio continues to be the primary ship-shore com- 
munication facility, less information can be transmitted back and forth, and opera- 
tional planning must recognize a significant probability that ship-shore communica- 
tions may fail due to propagation outages. Thus, more extensive shipboard data 
processing facilities probably would be required i f  the ship-shore communication 
link uses H F  radio than if satellite or airborne relay communication is possible. 
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Appendix A 

DERIVATION OF PRE-REENTRY GROUND TRACKS 

INTRODUCTION 

This appendix describes the procedures used to develop ground tracks and de- 
termine spacecraft visibility from ground stations for the latter portion of lunar re- 
turn trajectories, called the pre-reentry phase. This phase has been defined, for 
the purposes of this report, as extending from 50,000 nm altitude to an initial re -  
entry point at 400,000 f t .  Because the tracks in themselves are only of passing in- 
terest and because their application to coverage problems is not critically depend- 
ent on high accuracy, the tracks have been generated in a simple fashion. With 
these considerations in mind, the tracks have been developed on the basis of the 
assumptions listed in the following paragraph. 

ASSUMPTIONS 

1. 

2. 

3. 

4. 

The trajectory region of interest is part  of a Keplerian Earth orbit. 

The plane of the orbit is determined by the center of the Earth, the posi- 
tion of the landing site at  time of touchdown, and a specified inclination to 
the Earth's equator. 

The orbit is assumed to be elliptical, with an eccentricity generally taken 
to have a nominal value of 0.98. 

The reentry flight path angle (yR) was generally considered to have a nom- 
inal value of -6,4".  This angle is measured between the velocity vector 
and the local horizontal at the initial reentry point. The negative sign in- 
dicates that the velocity vector has a component towards the Earth. The 
tolerances on this angle were assumed to be -5 .4 '  to -7 .4 O ,  correspond- 
ing to the maximum design limits for heat dissipation and deceleration 
forces. 
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5. The return t r ip  time can be made to vary from 60 to 110 hours. This 
spread, plus the ability to orbit the Moon longer than otherwise would be 
necessary, permits flexibility in choosing the time of arr ival  at the Earth. 
This insures that the landing site will be in its proper spatial orientation 
at the time of landing. 

6. Midcourse corrections will adjust for  any inaccuracies in injection so that 
the predicted conditions at the reentry point are obtained. In effect, such 
corrections will help to assure  a "nominal" trajectory near Earth. 

GENERAL METHOD OF ANALYSIS 

The following input parameters a r e  specified for each Moon-to-Earth trajec- 
tory: (a) the inclination of the trajectory to the Earth's equator and (b) the landing 
site coordinates. These parameters are sufficient to determine the trace of the 
trajectory plane on a stationary Earth. Next, the shape of the orbit is specified by 
giving: (c) the eccentricity, e, and (d) the reentry flight path angle, yR. The ori- 
entation of the orbit in its plane is fixed by specifying: (e) the reentry sub-point co- 
ordinates for the specified day of departure. The reentry sub-point coordinates 
a r e  taken from the results of the reentry ground track analysis, described in Ap- 
pendix B. 

The above data are operated upon to give the ground track on a stationary 
Earth, together with time and altitude data for each computed point along the track. 
Finally, each point along the fixed-Earth track is offset by an amount depending upon 
its time from touchdown to give the true Earth track which takes account of Earth 
rotation. 

STATIONARY EARTH TRACKS AND LONGITUDE OFFSETS 

The first step in developing the ground track is the generation of the t race of 
the geocentric trajectory plane on a stationary Earth (refer to Figure A-1). The 
trajectory plane is oriented at an inclination $ to the equator and made to contain 
the landing point, S. The latitude, hi, and longitude, Li, of a point Oi on the trace, 
relative to the node E, are readily found from the following equations based on right 
spherical trigonometry : 

tan Li = cos IT tan c$ i 

s in  Ai = sin 5 sin c$i (A-1) 

The above equations permit the coordinates of the trajectory plane's trace to 
be plotted on a stationary Earth as functions of a parameter c$i, which is the central 
angle measured f rom E, the node immediately preceding the landing site. (The 
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Figure A-1. Geometric Return Trajectory 
in Relation to Earth Fixed at Touchdown 
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prime mark is used on the equation for longitude in order to reserve the unprimed 
symbol for the longitude with respect to  Greenwich. ) The manner in which $i is 
assigned a value is considered in the section of this Appendix entitled, EARTH CO- 
ORDINATES OF THE GROUND TRACK. 

The trace on a stationary Earth and the true Earth track derived from it (to 
account for the Earth's rotation) intersect at S. At all other points corresponding 
to times prior to touchdown, the true Earth track must be offset to the East in longi- 
tude from the stationary trace because the Earth rotates. To draw the true Earth 
ground track, this longitude offset must be found for each point on the stationary 
trace (see Figure A-2). There are two components to the offset. From reentry to 
touchdown, the S/C follows an aerodynamic trajectory which cannot be determined 
completely at this time. Accordingly, an approximate reentry point offset, aR, as 
developed in Appendix B, is taken as an end-point condition. Thus, for purposes 
of developing the track prior to reentry, aR may be regarded as a fixed or bias com- 
ponent of offset. To this must be added a variable component, Aai, representing the 
displacement during the vacuum trajectory caused by the Earth's rotation in the in- 
terval Ati  = ti - k (the time it takes the S/C to travel from the ith point to the reentry 
point). Then hai is simply wEAti, where wE, the Earth's angular velocity, is 
0.25068"/min. 

The total longitude offset (in degrees) is: 

a. = a  + wEAti (A-2) i R  

THE TIME-POSITION RELATIONSHIP 

The time-position relationship for a body in Keplerian motion is well docu- 
mented. This appendix, therefore, only indicates equations of interest used in the 
computation of Ati without deriving them. 

pointed out that only the inclination of the plane and the condition that it pass through 
the landing site have been specified thus far. ) We seek the relationship between S/C 
position (expressed in terms of angular position with respect to an arbitrary refer- 
ence point) and the time it occupies this position ( see  Figure A-3). For computa- 
tional purposes, time is most readily expressed as a function of an angular param- 
eter called eccentric anomaly.* 

For t h e  moment, i t  is assumed that the orbit is completely specified. (It is 

*The word "anomaly" in celestial mechanics is used to denote angular measurement 
from perigee. "True anomaly" is the angle measured at the focus between the 
point of interest and perigee. "Eccentric anomaly'' has a more involved definition 
which will not be stated here but may be found in any celestial mechanics text. 
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,TRACE OF RETURN 
TRAJECTORY ON 
FIXED EARTH 

LEGEND : 
Oi GENERAL POSITION OF S /C  n LONGITUDE OF NODE AT TOUCHDOWN 

P VACUUM PERIGEE ai  OFFSET I N  LONGITUDE 

R REENTRY POINT +i CENTRAL ANGLE (FROM NODE1 
S LANDING POINT f i TRUE ANOMALY (FROM PERIGEE ) 

E NODE PRECEDING S Aaj lNCREMENTAL OFFSET PRIOR TO REENTRY 
Ls LONGITUDE OF LANDING SITE 

Figure A-2. Development of Return Ground Track Using Offsets 
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LEGEND: Oi GENERAL POSITION OF S/C 
P -VACUUM PERIGEE 

R -REENTRY 

f - T R U E  ANOMALY 
p - SEMI-LATUS RECTUM 

h - HEIGHT ABOVE EARTH 

y - FLIGHT PATH ANGLE (ANGLE BETWEEN TANGENT AND NORMAL TO RADIUS VECTOR, 
POSITIVE IN DIRECTION OF INCREASING r 

r - R A D I U S  VECTOR 
i - INDEX DENOTING GENERAL (ith) COMPUTATIONAL INTERVAL 

Figure A-3. Lunar Return Ellipse 
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ti = L(E~  - e sin Ei) 
27r (A-3) 

where 

ti is the time to t raverse  the distance from the ith position to perigee* along 

Ei is the eccentric anomaly associated with ti 

the orbit 

e is the eccentricity of the ellipse 

T is a constant peculiar to the ellipse being traversed: 

(A-4) 

where 

rp is the perigee distance of the ellipse (found from Equation A-9) 

k is the universal gravitational constant 
16 3 2 = 1.40776 x 10 f t  /sec 
a 3  2 = 2.25921 x 10 nm /min 

1 min 

.,31/2 
- = 0.00006653 
Ji; 

But the S/C position is more conveniently given in te rms  of true anomaly, fi, 
which is related to eccentric anomally, Ei, by: 

The procedure for finding ti vs. fi is then: 

1. Choose an eccentricity e appropriate to the return conditions. (For Apollo 
Earth-Moon trajectories, the eccentricity should lie between about 0.95 
and 0.995. ) 

2. Assign a value to fi. (In a computing routine, f .  will assume successive 
values as indicated below. 

1 

*"Perigee" is indicated in Figures A-1 and A-3 by the point P lying on the major 
axis of the ellipse. The S/C will not actually t raverse  the elliptical a r c  R P  since 
aerodynamic effects following reentry will cause the trajectory to deviate from a 
Keplerian path. It is still convenient to refer to perigee in return and reentry tra- 
jectories, where perigee is now defined as the point of closest approach in the ab- 
sence of an atmosphere. It is often known as "vacuum perigee." 

A-7 



3. Compute Ei via Equation A-5 

4. Compute ti via Equation A-3 and Equation A-4. 

Only that portion of the trajectory prior to reentry (where f i  > fR) is of present 
concern in generating the tracks. Therefore, all variables a re  expressed with re- 
spect t o  the reentry point R: 

f i  = fR + iAf (A-6) 

where Af is an arbitrary, specified computing interval, and fR, the true anomdy of 
the reentry point, has yet to be determined. The other dependent reentry parame- 
ters a r e  found as follows: 

1. ER, the eccentric anomaly at reentry, 

2. tR, the time from reentry to vacuum perigee, 

t = -  7 (ER - e sin ER). 
R 2n 

Then Ati = ti  - tR. 

THE GEOCENTRIC CONIC 

The gap in the above discussion is now filled by determining the parameters  
of the geocentric ellipse. This will permit finding fR, the true anomaly at reentry, 
and r, the position vector of the S/C throughout the latter part of the vacuum trajec- 
tory. 

The quantities assumed to be known are: 

1. The altitude at reentry, hR = 400,000 f t .  

2. The flight path angle at reentry, yR 

3. The eccentricity of the ellipse, e. 

(In general, e and yR will not be known exactly but will  be confined to  narrow ranges, 
n a m e l y 0 . 9 5 5 e - =  1 . O a n d 5 . 4 ' 5  1 ~ ~ 1 5 7 . 4 " .  

The symbols used in the following derivation are identified in Figure A-3. 

The general equation of a conic is 

P r =  1 + e c o s f '  (A-7) 
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where p is the semi-latus rectum. 

d r  - p e s i n f  - r 2 e s i n f  - . - -  
" df (1 + e cos f )  2 P 

and 
t a n y = -  1 - d r  - - r e  sinf 

rdf P (A-8) 

We wish to eliminate r between Equation A-7 and Equation A-8. From Equa- 
tion A-8, 

s ~ f = E *  
r e  

.. c o s f =  J-jF$ 1 - -  

From Equation A-7, 

E =  1 + e  cosf r 

Solving for -, P 
r 

~ 

= cos 2 y i cos y de2 - 1 + cos 2 y 
c 

whence 
1 

p = r l 2  cos y * cos y Je2-1+ cos2 y ]  

where r and y are given at the same point. 

Since 

r = r  + h ,  E 
then 

rR = rE + hR, 

and 
r 1 
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The plus sign for the radical should be taken for the evaluation of p since it 
gives, for a parabola (e = l), p = 2r cos y ,  which is correct. Thus the conic is 
determined. 

2 

Returning to  the equation of the conic, 

P 
1 + e cos f r =  

and now knowing p and e, rp may be found at f = 0 as 

Also 

Now the radius vector of the general point may be determined: 

P r. = 
1 1 + e  cos f i  

and the altitude, 

hi = ri - rE 

(A-9) 

(A-9a) 

(A-10) 

(A-11) 

where rE is the Earth's radius. 

EARTH COORDINATES OF THE GROUND TRACK 

To find the true Earth coordinates, Li and Xi, it remains only to  relate the 
t rue  anomaly, f i ,  t o  the central angle, @i, relative to the node, which appears in 
Equation A-1. It is clear from Figures A-1 and A-2 that 

and solving for  fR - f i  in Equation A-6, we have 

@i = ER - ihf 

where ER is given data (obtained from the reentry calculations described in Appen- 
dix B). 

n 

Figure A-2 also shows that the longitude of the node at the t ime of touchdown 
is 

a =  Ls - CY 
where Ls is the longitude of the landing site and E% is its incremental longitude from 
the node, obtained, again, f rom the associated reentry program. 
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Finally, the true Earth coordinates are 
v 

L. = L. + 52 + CYi 
1 1  

A .  1 = sin-l[sin $ sin $91 

Examples of pre-reentry ground tracks generated by the method described 
here are included at the end of this  Appendix in Figures A-6 through A-9. 

VISIBILITY CONSIDERATIONS 

Having developed the ground track, the next question of interest is the visibil- 
ity of the S/C (or lack of it) f rom ground stations (Refer to Figure A-4). The visi- 
bility angle Bi is defined as the angle between the S/C and the limit of S/C visibility 
at its corresponding altitude, measured at the center of the Earth, and is 

ei = 90 - r ~ /  - vi 

where J/ is the minimum elevation angle (masking angle) of the station antenna, and 
vi, from the law of sines, is found to  be 

The slant range to  a station at the visibility extreme is 

- 2rEri cos Bi Y2 
For a given location of a station, it is now possible to determine the limit of 

its visibility along the track by matching the visibility angle, Oi, at a ground track 
point t o  the station separation angle, pi (the angular separation of the station from 
that point). One way of doing this by a cut-and-try process is indicated in Figure 
A-5. Bi t s  associated with specific track points are marked on the track. From a 
given station location as center, arcs of small circles are drawn with radii p,  rep- 
resenting different angular distances.* At  the t rack point at which p = Bi, the sta- 
tion can just  see the S/C. In general, each station will have two such points near 
the Earth, the more distant one corresponding t o  initial sighting as the S/C r i s e s  
above the horizon and the nearer one corresponding to loss of visibility below the 
horizon. In the computer program which has been developed, an interpolation rou- 
tine embodying the same visibility criterion as described above is employed. Here 

*On the map projections commonly used, the locus of points of equal separation from 
a station would not be circles. 
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LEGEND: '# - MINIMUM ELEVATION ANGLE OF STATION (ASSUMED 5 O )  

8, - VISIBILITY ANGLE ( L I M I T  OF SEPARATION O F  STATION 
FROM S/C SUBPOINT FOR WHICH S/C AT HEIGHT h i  
IS VISIBLE). GENERATES CIRCLE OF V IS IB IL ITY  ABOUT SUBPOINT 

vi - ANGLE BETWEEN r i  AND LINE TO CIRCLE OF RADIUS ei 
- SLANT RANGE FROM S/C TO CIRCLE OF RADIUS 8i  

P X i  - ANGULAR SEPARATION OF STATION AT X FROM SUBPOINT 
OF S/C AT 0, 

VISIEILITY CRITERION: STATION x CAN SEE s/c AT o t  WHEN P , L  5 ei 
E.G.: A CAN SEE s i c  AT o i  SINCE p A i  c ei 

B CANNOT SEE s/c AT o j  SINCE p o i  bei  

Figure A-4. Circles of Visibility Along Ground Track 
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- - - 
LONGITUDE 

TYPICAL RETURN TRACK 

LEGEND: 8i - COMPUTED VISIBIL ITY ANGLE TO S/C AT INDICATED POINT ON TRACK 

p - RADIUS ( I N  DEGREES OF GREAT CIRCLE ARC) OF CIRCLE ABOUT STATION 
o 1  - POINT OF I N I T I A L  VISIBILITY (P I  :e, : 2 0 0 )  DESIGNATED CON 

02- POINT OF LOSS OF V I S I B I L I T Y  ( p i  ' 8 2  : 14') DESIGNATED LOS 

Figure A-5. Portion of Track Visible from a Given Station 
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the separation of station x f rom the ith point along the track, is computed from Pxi 7 

the following expression: * 
cos pxi = cos (Li - Lx) cos xi cos A + sin Xi sin A x .  X 

PRE-REENTRY COMPUTER PROGRAM 

The relationships given in this appendix have been incorporated into a compu- 
ter program which was used to  develop coordinates for  the pre-reentry ground 
tracks, and visibility limits presented in this report. t In addition, the SC-4020 
recorder$ was used to  provide automatic plots of the ground track data. To accom- 
plish this, i t  was necessary to  transform the latitude coordinate so as t o  be com- 
patible with the Miller projection used on the maps. The Miller projection is a 
modified Mercator projection which maps a point at latitude xi degrees to one with 
a North-South displacement from the equator equivalent to 

y. 1 = (,,, In  [tan (45' + y)]) 360 2s degrees of longitude. 

This transformation was included in the automatic plot routine. 

VARIATION OF PRE-REENTRY GROUND TRACK WITH INPUT PARAMETERS 

Figure A-6 shows a combined pre-reentry and reentry t rack computed for the 
following nominal conditions: 

1. Landing site a t  San Antonio, Texas (latitude 29.5' north, longitude 99" 
west) 

2. Departure of the spacecraft from the Moon at Southern Lunstice, the Moon's 
declination with respect t o  the Earth's equator being -28.5' at this time 

3. Trajectory inclined 29.5" to equator (this, in conjunction with the latitude 
of the landing site, results in a due-east approach heading at the landing 
site 

*This is the equation for  a small circle on a sphere. The circle has its center at 
Lx, Ax and radius pxi in degrees of great circle arc. The points on the circle have 
coordinates, Li, Xi. 

?In practice, it was  necessary to  run the reentry program first and then utilize some 
of the results as inputs to the pre-reentry program. 

$The SC-4020 microfilm recorder generates the plot on 35 mm film aperture cards. 
These cards are  then fed to a Xerox 1824 printer which produces black-on-white 
positive prints, expanded to  the scale of the maps with which they are used. The 
maps are overlaid on the plots which are then traced on the maps by hand. 
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Figure A-6. Example of Pre-Reentry and Reentry Track 
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4. Reentry flight path angle = 6.4" 

5. Orbit eccentricity = 0.98 

Altitude and t ime ticks have been added to Figure A-6 f rom the trajectory data 
available on the computer printout. In addition, visibility acquisition and loss have 
been indicated f o r  a number of stations, with antenna masking angles of 5". This 
trajectory, like all the pre-reentry trajectories developed for this report, termi- 
nates at the reentry point. However, the reentry t rack developed in Appendix B for 
the same lunar-departure conditions has been appended to  illustrate the continuity 
of the two phases. 

In Figures A-7 through A-9, one parameter at a time is changed, all others 
being held fixed, to show the effect of such variation. 

In Figure A-7, the effect of variation in departure time is illustrated. In this 
analysis, a change in the departure day produces a shift in the position of the re- 
entry point along the fixed Earth trace. Since the reentry altitude is assumed fixed, 
this shift merely rotates the return ellipse in its plane and causes the change in the 
true Earth track as shown. For  all the t racks in Figure A-7, the corresponding 
altitude and time ticks have been placed at the same values of true anomaly to  illus- 
trate the fact that the shape of the trajectory remains unaltered. The t racks shown 
a r e  those for departure from the Moon at SL, SL i 2 days, and SL i 4 days. 

The effect of variation in trajectory inclination is shown in Figure A-8. Here 
also, as in the variation of departure day, the time-position relationship of the 
trajectory, as it is referred to its origin, remains unchanged. This is again re- 
flected in the identical time-altitude ticks for the same values of t rue  anomaly on 
the several tracks. The Earth t rack changes markedly, however. The effect of 
variation in these two parameters (day of departure and trajectory inclination angle) 
is of particular interest in the analysis discussed in Section 4 of the main body of 
this report. 

In Figure A-9, the eccentricity of the orbit is varied between 0.96 and 1.0. 
The effect of variation in e is to change the shape of the trajectory. (See the equa- ' 

tion on page 
the reentry altitude is fixed.) The effect of this change is not great  in the vicinity 
of reentry, but at the longer ranges, the t racks diverge increasingly. The greatest 
effect is in the altitude profiles; this, in turn, affects the visibility capability of 
the stations. Because there  is no way of knowing the value of e that wil l  be used 
for any given return trajectory at this time (and in any event the effects of such a 
variation appear small in the regions of the pre-reentry t racks of most interest 
here), all trajectories used in the pre-reentry coverage analysis have been com- 
puted with the nominal value of e = 0.98. 

for the semi-latus rectum "p", which depends only on e and yR when 
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Figure A-7. Effect on Preheentry Track of Variation 
in Departure Time 
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Figure A-8. Effect on Pre-Reentry Track of Variation 
in Trajectory Inclination 
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Figure A-9. Effect on Pre-Reentry Track of Variation 
in Eccentricity 
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The effect of variation in yR has not been illustrated because no appreciable 
separation of tracks for different conditions occurs even though the altitude profiles 
a r e  quite distinct, Two effects a r e  produced. First, a change in the shape of the 
ellipse results through the expression fo r  p, as it does for a change in eccentricity. 
Secondly, a change in y R  is related to a change in sweep angle f rom the Moon to 
reentry.* It follows that a 1" change in yR will  then change the position of the re-  
entry subpoint by 2" about the nominal. As in the case of e, a nominal value of 
-6.4 for y R  is used for  the pre-reentry coverage analysis. 

~ 

*See Appendix B 
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Appendix B 

DERIVATION OF REENTRY GROUND TRACKS 

INTRODUCTION 

This section develops the equations used to  generate the reentry ground t racks 
presented in this report. The solution is based upon a simplified model of the tra- 
jectory geometry, which is considered accurate enough for the purposes of the 
study. The assumptions on which the model is based are discussed in the section 
below. 

ASSUMPTIONS 

1. The reentry trajectory lies in the same plane as the pre-reentry trajectory. 
This plane contains the Moon at departure, the center of the Earth, and 
the landing site at touchdown. Alternatively, the plane may be defined by 
specifying its inclination to the Earth's equator and again demanding 
that it contain the centers of the Earth and the Moon. 

2. The reentry flight path angle yR was generally considered to have a nomi- 
nal value of -6.4". (See Assumption 4 in Appendix A.) 

3. The "sweep angle" from the Moon to the reentry point will be 161.2". 
This angle is measured between a line from the center of the Earth to the 
center of the Moon at the time of departure from the lunar parking orbit 
and a line from the center of the Earth to the reentry point. The assumed 
value follows from the approximation S = 180" - 8 - I 2yRI. This relation- 
ship states that tAe mijor  axis of the trajectory is offset by 8" from the 
Earth-Moon line at the time of trans-Earth injection, and the true anomaly 
at reentry is approximately 2y (an exact value for parabolic trajectories) 
(see Figure A-3). The average value of 8 for a large range of trajectories 
is 6". With a nominal yR of -6.4", S = 161.2". 
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4.  The reentry range may vary from 1200 nm to 5000 nm. This range is de- 
fined as the length of the ground track measured on a rotating Earth from 
the initial reentry to touchdown. 

5. The horizontal velocity over the entire reentry phase to  a point 50,000 
feet above the Earth is assumed constant (though different for  different 
length reentry paths) at a value derived from reentry trajectories in 
Reference 1. 

6. The maximum declination of the moon throughout any lunar cycle applica- 
ble to the data derived here is 28.5'. 

Because some of the above assumptions may appear unduly restrictive and 
artificial, the basis for their adoption will be amplified. With regard to  Assump- 
tion 1, there is no difficulty justifying the approximation that the reentry trajectory 
lies in a geocentric plane (excluding the effect of lateral maneuvers). This is plane 
MGS in Figure B-1. In fact, a patched conic model, which would be a closer repre- 
sentation of the true trajectory than that presented here, assumes that the entire 
return trajectory beyond the LSOI (Lunar Sphere of Influence) lies in a geocentric 
plane. The assumption, however, that the reentry trajectory plane also contains 
the center of the Moon at departure is clearly not strictly true,  except in the rare 
co-planar case in which the entire trajectory lies in the Earth-Moon plane. (Again, 
referring for comparison to  the patched-conic model, the geocentric trajectory 
plane contains, instead, the exit point, E,  on the LSOI.) Nevertheless, owing to  the 
distances involved, the trace of the geocentric plane determined by the patched- 
conic model, EGS, and that of the single plane model used here, MGS, are close to  
each other and to the trace of the true trajectory as well, especially in the region 
from reentry to  touchdown. The reentry track developed here is, moreover, only 
the average position of the true track, as a consequence of the inevitable lateral 
maneuvers which the S/C must perform. However, the actual lateral motion for 
nominal reentries will be small  and will not materially affect the conclusions based 
on the longitudinal straight-in track. 

With regard to  Assumption 3,  as a consequence of the variable times of flight, 
as well as other factors, the true reentry points, R, wi l l  lie at different angular 
distances MR from the trajectory origin. However, the variation in reentry point 
location for a 24-hour spread of t imes of flight, other conditions being equal, is only 
of the order of 5" (see Reference 2).* In order to limit the number of computations 
of reentry points to manageable proportions, this study has assumed a fixed angular 
separation (161.2")  of the reentry point from the lunar sub-point at departure, 
independent of the time of flight. A plot of the locus of R for the multiplicity of 

*All References a r e  listed on pages 5-1 and 5-2. 
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Figure B-1. Return Trajectory Geometry 
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conditions of interest on all possible mission dates would yield no more information 
that the nominal position of R presented here, with knowledge of its uncertainty. 
Thus, while in actual missions, a precise calculation of the reentry point would be 
necessary to determine the optimum position for a ship tracking station, this is not 
needed to establish the broad requirements for numbers and movement of ships to 
which this study is addressed. 

The value for the maximum declination, X M ~ ~ ,  of the Moon taken in Assump- 
tion 6 is applicable to  the period of intended launch. Results will  change as X M ~ ~  

changes. 

SOLUTION OF REENTRY GEOMETRY 

- Stationary Earth Trace  

The solution of the reentry trajectory model is based upon the spherical 
geometry shown in Figures B-1 and B-2. Figure B-1 shows the t race  on a station- 
ary Earth of the plane in which the trajectory is assumed to lie. Figure B-2, in 
which the trace is unfolded, depicts all possible configurations for the return geom- 
etry. In Figure B-2a, the trajectory t race  at departure f rom M, at latitude AM, 
lies in a northeasterly direction, while in Figure B-2b, the initial direction of the 
t race  is southeast, corresponding t o  the situation shown in Figure B-1. The in- 
clination of the trajectory plane to  the equator, $, and the day of departure, speci- 
fied by AM* (the latitude of the Moon) a r e  given. Also given is the latitude Xs of the 
landing site S, which lies on the trajectory trace. Desired a r e  the coordinates of 
the. reentry point R and the ground track of the reentry trajectory. First the track 
is determined on a stationary Earth; then offsets are applied which yield the t rack 
on a rotating Earth. Standard spherical trigonometry relationships a r e  used 
throughout. 

n 

The position of departure, XM, is first determined relative to the nearest 
equator crossing, X, on the stationary Earth trace (See Figure B-2): - sin A M  

s inXM=- 
sin IT 

(A negative value of X̂M means M is to the left of X.) 

*The latitude of the Moon, AM, var ies  approximately sinusoidally over the lunar 
month. For  convenience, in referring to the time of departure, the latitude values 
have been quantized to correspond to  26 discrete positions of the Moon which have 
been called "days 0 to 6" from lunstice, northern o r  southern. In addition, the 
Moon's position at latitude 0" is called "node." Since A M  is the same for days 
symmetrically spaced either side of lunstice, a given position of M at departure 
may be referred to, for example, as S. L. rt3, meaning the latitude associated with 
the Moon's position 3 days either side of southern lunstice. 

B-4 



PRIME 
MERIDIAN 

I 

I 
i- 

PRIME 
I 

I MERI.DlAN 

Figure B-2. Trace of Trans-Earth Trajectory on Stationary Earth 

B- 5 



Then the position of the reentry point, R, is found at the fixed separation 
M% = 161.2' from M:* 

X% = X"M + 161.2" 
n n 

The reentry range Rs is found after the position XS of the landing site has been 
determined: 

sinx^s./--l sin As 

sin IT 

Note in Figure B-2 that, depending on the direction of approach, the direction 
of departure (sign of $), and the hemispheric location of S (sign of As), S is given 
a different symbol, and XS may have to be modified accordingly, thus: 

X"sl = 180" - X"s 

r\ 

k% = 180" +x^s 

r \ n  

Then % (or & l ,  etc.) = XS - XR. 

Next, to develop the entire ground track, the coordinates of points between 
R and S a r e  determined: 

let 4.  = X i  + j h f  
I 

where Af is a specified computing interval chosen to yield t rack 
together . 

The latitude Xi and longitude L; of the point defined by @i, 

points suitably close 

relative to  X, are 
J J 

given by 

j 
sin A .  = sin 5 sin 4 

I 

tan L' = cos tan @ j  

In the foregoing, it is assumed that the landing 

j 

J 

site approach heading and the 
departure heading have been properly selected for a given landing site t o  provide 
an admissible reentry range Rs. 

n 

Offsets and Rotating Earth Track 

Finally, the ground track on the rotating Earth is determined. From compu- 
t e r  runs of the reentry trajectory, the time from reentry to 50,000 f t .  above the 

n 
*The position of R relative to S as determined by MRGakes  some t racks inadmis- 
sible, e. g., the case where S precedes R or  where RS is either too short o r  too 
long. 
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Earth was found to be approximately a linear function of the reentry range. There- 
fo re  a straight line was fitted to the data: 

n 
t G = a R S + b  

where 
n 
Rs is measured in degrees 

a = 0.24 

b =  2 .7  

tG is measured in minutes. 

The velocity was assumed to be constant from reentry to 50,000 feet altitude. (The 
data in Reference 1 shows that for reentry ranges greater  than about 2000 nm, this 
approximation is fairly good, while for shorter ranges the offset is in any event not 
great.) Then t the time to termination from intermediate points, is proportional 
to the separation of these points from S: 

1’ 

Now the offset cy. for all points on the reentry track can be found: 
I 

where we is the Earth’s rotational speed. 

This offset is added to the stationary Earth t race  as a longitudinal displace- 
ment to the east. From the 50,000 feet altitude to touchdown, no further offset is 
applied. 

It remains only to translate the node of the fixed Earth trace to  the proper 
longitude. The amount of translation is as (See Figure B-2): 

as = Ls - Lb 
where Ls is the t rue  longitude of the landing site, and Lb is its longitude from the 
node X. 

Then the coordinates of the reentry ground track are: 

j 1 x j  = s in  sin sin @ -l [ 
L. = L! + cy. + as 
I 1 1  
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Because of the multiplicity of calculations required to  obtain tracks for  the 
variety of conditions studied, the equations of this appendix were programmed for  
computer solution. 

EFFECT OF VARIATION OF INPUT PARAMETERS ON REENTRY 
GROUND TRACKS 

Figure A-6 shows a reentry track appended to the pre-reentry track for the 
same conditions at departure f rom the Moon and the same landing site. The pre- 
reentry and reentry tracks are continuous at the reentry point because the pre- 
reentry t rack was constrained to contain the reentry point. The curvature is dis- 
continuous, however, because of the different ground rules used t o  develop the off- 
sets in the two phases, but this fact has no effect on the conclusion of this report. 

Under the assumptions used t o  develop the reentry track for a given landing 
site, only two parameters are available for variation: lunar day of departure and 
trajectory inclination. These have been varied over their respective permissible 
ranges in the course of the coverage analysis of Section 4 in the main body of the 
report; hence, the effect of such variation can be seen in the tracks used in that 
section and will not be repeated here. Instead, note will simply be made of certain 
restrictions that exist on these parameters. 

First, the trajectory inclination cannot be less than either the latitude of the 
landing site o r  the declination of the Moon at departure, whichever is greater.  
Secondly, fo r  a given approach heading, the reentry ranges associated with certain 
days of departure fall outside the assumed limits of 1200 to 5000 nm, and hence are 
inadmissible; however, because two approach headings to  the landing site are gen- 
erally possible, the computation must be made for the given conditions for both 
directions of approach to the landing site. 
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Appendix C 

TERMINOLOGY 

The following abbreviations and literal symbology are used in various sec- 
tions of this report: 

- Meaning Communication and Tracking, this t e rm is used only in a - -- C&T 
functional sense and does not apply t o  any specific station o r  system. 

- Command Module - - CM 

CON, LOS, - Initial CONtact with the spacecraft f rom a land o r  ship station as the 
spacecraft appears above the minimum masking angle at the station; 
LOSS Of Signal by a land o r  ship station as the spacecraft flies be- 
yond the minimum antenna masking angle at the station. The term, 
Loss of Visibility, is used interchangeably with Loss of Signal in this 
report. 

- 

- - -  

DSIF - - Deep Space - Instrumentation - Facility. This applies specifically to the 
network of three deep-space stations at Goldstone, California; 
Woomera, Australia; and Johannesburg, South Africa. These sta- 
tions are primarily intended to provide C&T coverage for long-range, 
unmanned space missions, but their  capability for augmenting the 
coverage of the Manned Space Flight Network (MSFN) during the pre- 
reentry phase has been examined to some extent in this report. 

IMCC - - Integrated Mission - - Control - Center, the central command and control 
organization for Apollo missions, located at Houston, Texas. 

- Manned Space - Flight Network. - This abbreviation is understood to be - - MSFN 
generally accepted as applying to the total ground station network 
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planned for manned space flight missions, including land stations 
for deep-space coverage and both land and ship stations for shorter- 
range coverage. 

NL, SL - - Northern - Lunstice and Southern - - Lunstice, respectively. These a r e  
the positions of the Moon at the northernmost and southernmost 
declinations in its orbit around the Earth. The positions at other 
times a r e  quantized in one-day increments in this report and are 
given designations relative to the lunstice positions. For  example, 
SL + 1 re fers  to the Moon's position one day after Southern Lunstice, 
and SL - 1 refers to its position one day earlier than Southern Lun- 
stice. 

Node - Refers to the position of the Moon in its orbit around the Earth at 
the time that it c rosses  the Earth's equator. This occurs approxi- 
mately 6-3/4 days from the lunstices. 

- Service Module - - SM 

Additional abbreviations used in specific sections of the report to facilitate 
discussion a r e  defined as they appear. 

Certain other terms, while not employing abbreviations, nevertheless bear 
definition. The principal items in this category a r e  as follows: 

Deep-space Station - Generally implying a C&T station capable of providing 
service at least out to lunar distances. 

Extended-Range Station - Generally implying a C&T station having a range capa- 
bility intermediated to  that of deep-space and near-earth 
stations. For  purposes of this report, any station re -  
quiring a range capability beyond a few thousand miles 
but less  than 50,000 miles (the limit of the pre-reentry 
phase as defined below) is categorized as an extended- 
range station. 

Near-Earth Station - Generally implying a C&T station capable of providing 
service only during the insertion, Earth orbit, o r  reentry 
phases - i. e., over relatively short ranges. In general, 
existing stations of this type a r e  capable of providing 
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$4 Reentry point 

ceverage cut to a few thousand miles, hence might pro- 
vide some pre-reentry coverage. 

- That point in the spacecraft's return trajectory at which 
it reaches 400,000-foot altitude above the Earth. Its 
physical significance involves a somewhat arbitrary 
assumption that the sensible atmosphere extends to  that 
altitude, and hence that some perturbation of the trajec- 
tory due to atmospheric drag could begin approximately 
at that point. 

Pre-reentry, or 
Pre-reentry Phase - The time interval, o r  that portion of the return trajectory, 

extending from approximately 50,000 nautical miles alti- 
tude to the reentry point. This interval is expected to  
include the last mid-course correction maneuver. 
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